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What we observe is not nature itself,
but nature exposed to
our method of questioning.
Werner Karl Heisenberg (1901 - 1976) [1]
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Abstract
The deterministic generation and manipulation of quantum states has attracted much inter-
est ever since the rise of quantum mechanics. Large-scale, distributed quantum states are
the basis for novel applications such as quantum communication, quantum remote sensing,
distributed quantum computing or quantum voting protocols. The necessary infrastructure
will be provided by distributed quantum networks, allowing for quantum bit processing and
storage at single nodes. Quantum states of light then allow for inter-node transmission of
quantum information. Transmission losses in optical bers may be overcome by quantum
repeaters, the quantum equivalent of classical signal ampliers. The fragility of quantum su-
perposition states makes building such networks very challenging. Hybrid solutions combine
the strengths of dierent physical systems: Ecient quantum memories can be realized us-
ing alkali atoms such as rubidium. Leading in the deterministic generation of single photons
and polarization entangled photon pairs are semiconductor InAs/GaAs quantum dots grown
by the Stranski-Krastanov method. Despite remarkable progress in the last twenty years,
complex quantum optical protocols could not be realized due to low degree of entanglement,
low brightness and broad wavelength distribution.
In this work, an emerging family of epitaxially grown GaAs/AlGaAs quantum dots obtained
by droplet etching and nanohole inlling is studied. Under pulsed resonant two-photon ex-
citation, they emit single pairs of entangled photons with high purity and unprecedented
degree of entanglement. Entanglement delities up to f = 0.94 are observed, which are only
limited by the optical setup or a residual exciton ne structure. The samples exhibit a very
narrow wavelength distribution at rubidium memory transitions. Strain tuning is applied
via piezoelectric actuators to allow for reversible ne-tuning of the emission frequency.
In a next step, active feedback is employed to stabilize the frequency of single photons
emitted by two separate quantum dots to an atomic rubidium standard. The transmission
of a rubidium-based Faraday lter serves as the error signal for frequency stabilization. A
residual frequency deviation of < 30 MHz is achieved, which is less than 1.5 % of the quan-
tum dot linewidth. Long-term stability is demonstrated by Hong-Ou-Mandel interference
between photons from the two quantum dots. Their internal dephasing limits the expected
visibility to V = 40 %. For frequency-stabilized dots, Vlock = (41 ± 5) % is observed as
opposed to Vfree = (31 ± 7) % for free-running emission. This technique reaches the max-
imally expected visibility for the given system and therefore facilitates quantum networks
with indistinguishable photons from distributed sources.
Based on the presented techniques and improved emission quality, pivotal quantum com-
munication protocols can now be implemented with quantum dots, such as transferring
entanglement between photon pairs. Embedding quantum dots in a dielectric antenna en-
sures a bright emission. For the rst time, entanglement swapping between two pairs of
photons emitted by a single quantum dot is realized. A joint Bell measurement heralds the
successful generation of the Bell state Ψ+ with a delity of up to 0.81 ± 0.04. The state's
nonlocal nature is conrmed by violating the CHSH-Bell inequality with S = 2.28 ± 0.13.
The photon source is tuned into resonance with rubidium transitions, facilitating implemen-
tation of hybrid quantum repeaters. This work thus represents a major step forward for the
application of semiconductor based entangled photon sources in real-world scenarios.
Keywords: polarization-entanglement, III-V semiconductors, quantum dots, excitons, en-
tanglement swapping, photoluminescence, frequency feedback, strain, quantum repeater,
rubidium atoms, Bell inequality
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ABBREVIATIONS
APD avalanche photodiode
BS beam splitter
BSM Bell state measurement
CCD charge-coupled device
FADOF Faraday anomalous dispersion optical lter
FSS ne structure splitting
HOM Hong-Ou-Mandel (interference)
HWP half-wave plate
PBS polarizing beam splitter
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Qubit quantum bit
QWP quarter-wave plate
SIL solid immersion lens
SNSPD superconducting nanowire single photon detector
SPCM single photon counting module
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1 INTRODUCTION
Semiconductor light sources have revolutionized science and technology since laser diodes [2,
3] and vertical-cavity surface-emitting lasers (VCSELs) [4, 5] arrived in the 1960's. Quan-
tum mechanics lies at the roots of these devices, yet quantum states of light have only in
recent decades been studied extensively in their own right - sparking the "second quantum
revolution". Solid-state sources that emit single pairs of entangled photons are a key element
in quantum information technology. Polarization entangled photons from atomic cascades
were rst used to test Bell's inequality [6, 7], but demonstrating scalable applications with
single atoms is clearly a technological challenge. In 1988 Shih and Alley reported that pho-
ton pairs generated from spontaneous parametric down conversion (SPDC) are polarization
entangled and can violate Bell's inequality [8, 9, 10]. The next step towards building quan-
tum networks is to transfer entangled states between distinct pairs of photons, also called
entanglement swapping [11, 12, 13]. This entails substituting the pairwise entanglement in
two-photon states with entanglement between photons from dierent pairs [14, 15]. The
rst experiment to do this two decades ago [16] used SPDC in a nonlinear optical crystal.
Though such sources are widely used, for example to entangle multiple photons [17], their
brightness is fundamentally limited owing to Poissonian emission statistics [18], i.e. one
usually does not know when an entangled photon pair is emitted. They are therefore not
scalable enough for application in complex quantum protocols.
Semiconductor quantum dot (QD) based sources, by contrast, emit single photons [19, 20]
and entangled photon pairs [21] on demand. They hold great potential for a range of
applications in quantum communication [22], quantum metrology [23] and quantum com-
putation [24]. However, several factors are limiting the use of QDs in advanced quantum
information applications, such as poor degree of entanglement or low brightness. Due to
the high refractive index of the semiconductor matrix, most photons are trapped by total
internal reection at the semiconductor-air interface. The coherence of the emitted photons,
required for observing quantum interference, is often degraded by dephasing induced by the
solid-state environment.
Photons are excellent carriers of classical information over long distances via free-space or
optical ber networks. The same counts for quantum information, since quantum states
can be encoded in e.g. a superposition of two orthogonal polarization states of a photon.
However, since identical copies of unknown quantum states cannot be created (no-cloning
theorem), the transmission distance of photonic quantum states is limited to a few 100 km
due to ber losses. To circumvent this, a quantum equivalent of a classical amplier has
been proposed, the so-called quantum repeater [25]. It is the key component for distributed
quantum networks and long-haul quantum communication. A possible realization comprises
on-demand emitters of entangled photons and the use of quantum memories in order to store
the photonic quantum information for a certain time. Hybrid quantum networks therefore
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Figure 1.1: Highlights in the development of integrated entangled photon sources, starting
from semiconductor lasers and photonic entanglement based on nonlinear optical materials,
to scalable quantum dot sources of entangled photons.
become relevant, because they combine the best properties of dierent physical systems.
Several promising approaches of ecient quantum memories involve alkali atoms such as
rubidium or caesium [26]. One possibility is to trap these atoms in optical cavities and
reversibly map the photon polarization state to a coherent superposition of atomic ground
states [27, 28]. In order to couple a photon emitter with such a memory, the photon
properties (e.g. wavelength) have to match the addressed atom-cavity system.
InAs/GaAs QDs grown by the Stranski-Krastanov method are among the leading candidates
for the deterministic generation of polarization-entangled photons. As proposed by Benson
et al., the cascaded emission in single QDs from the biexciton (XX, | ↑↓⇑⇓〉) to the ground
state via the intermediate exciton states (X, | ↑⇓〉 or | ↓⇑〉) produces polarization entangled
photon pairs |ψ+〉 = 1√
2
(|LXXRX〉+ |RXXLX〉) [29], where R and L denote right- and left-
handed circular polarization, respectively. In real InAs/GaAs semiconductor QDs, however,
the anisotropy in strain, composition and shape reduces the QD symmetry and mixes the two
bright exciton states, resulting in two non-degenerate bright exciton states 1√
2
(| ↑⇓〉±| ↓⇑〉)
split by the ne structure splitting (FSS) [30]. The nal two-photon state has a time-varying
form |ψ〉 = 1√
2
(|HH〉+ eiT1S/~|V V 〉), where T1 is the radiative lifetime of the exciton and S
is the FSS [31]. In order to reduce the phase shift between the |HH〉 and |V V 〉 two-photon
components and to obtain a high degree of entanglement, the experimental strategies are
to reduce the FSS and/or the exciton lifetime T1.
In the last decade there have been extensive eorts to generate entangled photons with
InAs/GaAs QDs. Before the works presented in this thesis, the best results were limited to
an entanglement delity of F = 0.82 and a concurrence of C = 0.75 [32]. One reason is that
the probability of nding suitable QDs in an as-grown InAs/GaAs sample is < 10−2 [33, 34],
thus necessitating the use of post-growth tuning techniques (such as thermal annealing,
optical Stark eect, magnetic, electric and strain elds) to eliminate the FSS [35]. The
fact that every single QD needs to be independently engineered imposes a great challenge
for the practical application of QD-based devices. In addition, the degree of entanglement
of InAs/GaAs QD-based sources can be degraded due to electron-nuclear spin hyperne
interactions [36, 37], though this is still under discussion [38].
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Figure 1.2: Principle of an entanglement swapping experiment using a single quantum
dot. Two pairs of polarization-entangled photons are consecutively generated (emission 1
and 2). One photon from each pair is directed to a Bell state measurement (BSM). Upon
success, the BSM establishes entanglement of the remaining photons sent to Alice and Bob.
Is it possible to unleash the potential of semiconductor QDs for application in hybrid quan-
tum networks? In order to answer this question, this thesis rst contains a description of
the fundamental physical principles behind the presented phenomena and gives a broad and
detailed review of the state of the art. After discussing the experimental methods, the three
main results of this thesis are presented:
First, highly-entangled photon emission is achieved in a material system that naturally
contains QDs with a symmetric connement (low FSS) and weak electron-nuclear spin
hyperne interactions. By resonantly exciting the XX state in GaAs/AlGaAs QDs grown
by droplet etching and nano-hole inlling, polarization-entangled photons are generated.
Entanglement delities up to 0.91 and a concurrence of 0.9 is obtained, only limited by a
small residual FSS. The QDs exhibit narrow emission wavelength distributions at rubidium
atomic transitions, facilitating their implementation in hybrid quantum networks.
Next, the emission frequency of two separate QDs is simultaneously stabilized to an atomic
rubidium standard. Strain is applied to the QDs via piezoelectric actuators [39, 40] in order
to allow for reversible ne-tuning of the emission wavelength. A rubidium-based Faraday
lter serves as an absolute frequency standard for dierent nodes, and is tunable to address
dierent Rb hyperne transitions. The QD emission is stabilized to less than 1.5 % of the
emission linewidth. Long-term stability is demonstrated by Hong-Ou-Mandel interference
between photons from the two QDs. The maximally expected visibility of V = 40% is
reached, only limited by internal dephasing present in each QD. The ecient feedback
scheme, for which only a weak photon ux is necessary, along with the implementation
of a common and reproducible standard, paves the way towards quantum networks with
distributed, indistinguishable solid-state emitters.
The observed improvements in optical quality allow QDs to be implemented in essential
quantum communication protocols. Obtaining the necessary higher-order multi-photon
coincidences requires a bright photon source. Therefore, a broadband dielectric antenna
structure is employed to boost photon extraction. Then, for the rst time, entanglement
swapping between polarization-entangled photon pairs emitted by a semiconductor QD is
demonstrated. As illustrated in Figure 1.2, two entangled photon pairs are consecutively
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generated in a single QD. One photon from each emission is sent to a Bell state measure-
ment (BSM). Upon success of the BSM, the entanglement has been successfully swapped
to the remaining two photons. The resulting Bell state Ψ+ is generated with a delity of
f = 0.81 ± 0.04 and strong nonlocal characteristics, proven by violating the CHSH-Bell
inequality [41, 42]. The presented results therefore enhance the relevance of semiconductor
based entangled photon sources for quantum information applications.
14 Chapter 1 Introduction
2 FUNDAMENTAL PRINCIPLES
This chapter sets the results presented in this thesis into a scientic and tech-
nological context. It starts with an introduction to quantum information tech-
nologies, in particular quantum communication applications and dierent ways
to generate and store quantum states of light. Entangled photon emission from
semiconductor quantum dots is reviewed as well as alkali atom based quantum
memories. Atomic line ltering and frequency feedback are introduced as a
path towards stable hybrid semiconductor-atom quantum systems. The chap-
ter concludes with outlining the characteristic measures of single and entangled
photons, followed by a discussion on quantum interference and entanglement
swapping.
2.1 Quantum information technologies
Classical information science is based on discrete fundamental entities, so called bits, which
can take up values of either 0 or 1. Several dierent physical systems are used today to ma-
nipulate, transmit and store classical information: Light pulses are used for communication
via optical ber, ferroelectric domains for non-volatile information storage in hard disks or
electric charge for storage in volatile dynamic random-access memories. The information is
hereby always in either one or the other state (0 or 1) and not in a superposition of both.
In contrast, quantum information is based on the principles of quantum mechanics, where
superposition and entanglement play a central role. A quantum bit |ψ〉 can be written as a
superposition of orthonormal states |0〉 and |1〉:
|ψ〉 = α |0〉+ β |1〉 (2.1)
with the normalization condition
|α|2 + |β|2 = 1 (2.2)
for the complex coecients α and β. A quantum bit (or qubit) can be illustrated with
the Bloch sphere as illustrated in Figure 2.1a. The two orthonormal basis states are at the
poles of the sphere. The qubit is then represented by a vector pointing to the surface of the
sphere. The vector orientation described by the angles φ and θ is connected to the complex
coecients in the following way:
α = sin(θ/2) , β = eiφcos(θ/2) (2.3)
Qubits are fundamental units of quantum information and allow for completely new ap-
plications in information science such as quantum computing[44]. Figure 2.1b shows the
schematic working principle of a quantum computer: It starts with an input register of
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Figure 2.1: (a) Bloch sphere representation of a qubit with two orthonormal states |0〉 and
|1〉. The qubit is displayed as a vector on the sphere with the basis states at the poles. The
orientation of the vector is determined by the complex qubit coecients. (b) Sketch of the
working principle of a quantum computer. Quantum logic operations modify the state of N
initial qubits qi=1..n. The output qubits q
′
i=1..n are then measured to obtain the results. [43]
N qubits |q1〉 ... |qN〉. After performing quantum logic operations, an output register is
obtained with qubits |q′1〉 ... |q′N〉, which are then measured to obtain the results.
A principal which is central for all quantum information technologies is the no-cloning
theorem [45]. It says that it is impossible to create a perfect copy of an unknown quantum
state. As a consequence, it is also not possible to fully characterize a quantum state in
a nondestructive measurement by creating several copies of the state and measuring the
ensemble. Therefore, the qubits in the output register of a quantum computer cannot be
fully characterized. The measurement results are obtained by projecting each qubit on a
desired basis. Projecting the qubit |q′i〉 e.g. on the basis set {|0〉,|1〉} will result in the
probabilities
P0 = | 〈0|q′i〉 |2 , P1 = | 〈0|q′i〉 |2 (2.4)
of detecting either |0〉 or |1〉, i.e. in discrete, classical values. Nevertheless, since the
quantum computer operates on superposition or entangled states, it permits to perform
large number of calculations simultaneously (quantum parallelism) and therefore outperform
classical computers in specic tasks [46].
Constructing a quantum computer is of course no trivial task, especially because quantum
states are challenging to manipulate (any measurement destroys / projects the unknown
quantum state) and are fragile due to relaxation and decoherence mechanisms. Tremendous
eorts are spend in both research and industry [47] to realize a scalable and universal quan-
tum computer according to DiVincenzo's criteria [48]. Dierent physical systems are investi-
gated, e.g. trapped ions [49], superconducting circuits [50], optical lattices [51], or quantum
dot spins [52]. Another prominent candidate is linear optical quantum computing [24], as
it can combine quantum computation and communication within the same physical system.
This approach benets greatly from the recent progress in scalable semiconductor single pho-
ton sources [53], integrated optical circuitry [54, 55] and single photon detectors [56]. Here,
the challenge is to implement nonlinear operations, since direct photon-photon interaction
is very weak [57].
There are several proposed applications of a quantum computer, such as the simulation of
quantum systems [58] or boson sampling [59]. One of the rst prominent examples was
Deutsch's algorithm [60], in which a black box operates as a function f : {0, 1} → {0, 1}
which maps one bit to one bit. The goal is to nd out whether the function is constant
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(f(0) = f(1)) or balanced (f(0) 6= f(1)). Classical computers would require two measure-
ments, while one measurement is sucient for a quantum computer. If one would further
increase the number of input bits, the computation time would increase exponentially for
a classical computer, whereas for a quantum computer it would only increase polynomi-
ally [61, 46].
Other algorithms closer to practical application are Grover's algorithm for unstructured
search [62] or Shor's factoring algorithm [63]. The latter serves to decompose large numbers
into products of prime numbers. Though it is somewhat trivial to multiply two large num-
bers, it is a very time intensive task to decompose it into prime factors. This principle is
used in common cryptosystems such as RSA [64]. The basic idea is that only the sender and
receiver of a message know the prime factors M1 and M2, while the product M = M1M2
is transmitted over public channels. The security of the encryption is therefore based on
the fact that even the fastest supercomputers would have a hard time decomposing these
large numbers into primes. However, using quantum Fourier transform [65], Shor's factoring
algorithm would be able to perform such a task on a quantum computer signicantly faster.
It therefore poses a danger to cryptosystems based on prime factorization.
There are two possible ways out of the security risk that quantum computers pose. One
is the development of cryptosystems which cannot be breached by quantum computers (so
called post-quantum cryptography). Established symmetric-key algorithms such as AES [66]
could provide the desired security by increasing the key lengths. The other possibility is
to implement quantum mechanical eects in new cryptographic models, so called quantum
cryptography [67]. One prominent example is quantum key distribution [68], in which a
secret key is distributed to two communicating parties. The key can then be used as a one
time pad [69] for data encryption. The advantage is that the security of the key is based only
on the assumption that quantum mechanics is valid, and a possibility for the sender and
receiver to authenticate themselves. Potential eavesdropping can then be detected, which is
based on the no-cloning theorem.
Figure 2.2: Sketch of the BB84 protocol with polarization qubits. Alice prepares a single
photon in a polarization basis state of a randomly chosen basis set. Bob then receives the
photon and measures its polarization in a randomly chosen polarization basis. A secret key
is obtained via classical information exchange between Alice and Bob and identical encoding
(measurement) bases. [43]
Figure 2.2 shows a sketch of the BB84 protocol, a prominent example of quantum key
distribution proposed by C. Bennett and G. Brassard in 1984 [70]. Here, a sender (Alice)
prepares single photons in a random polarization basis (rectilinear or diagonal) in one of the
two orthogonal basis sates. The receiver (Bob) chooses a random measurement basis and
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determines the polarization. Then, Alice and Bob can exchange their choice of measurement
base over a public channel. The key is then generated from the photon states that were
prepared and measured in the same basis.
The distribution of quantum states over long distances is called quantum communication.
Though quantum cryptographic schemes can be implemented using quantum communication
networks, it is not their only application. Since it is easier to build many smaller quantum
computers than a single large one, distributed quantum computing has been proposed [11,
71], which relies on the distribution of quantum states. Other applications are quantum
voting protocols [72], dense coding [73], or remote quantum sensing [74].
Quantum states can also be used to increase the accuracy in the measurement of physical
quantities below the standard quantum limit [75]. Photonic quantum states enhance the
spatial resolution of optical microscopes [76]. Another example is the accurate phase mea-
surement performed in a Mach-Zehnder interferometer using NOON-states [77]. These can
have important application in gravitational wave detection.
2.1.1 Quantum entanglement
The superposition principle can be further extended to multiple qubit systems: States of
several qubits can be constructed in which each single qubit cannot be treated as an in-
dividual quantum state [41]. Therefore the multi-qubit system can only be described by
joint properties. This phenomenon is called entanglement and is the basis for many quan-
tum information technologies. This fundamental principle of quantum mechanics is often
counter-intuitive and hard to visualize (an attempt is shown in Figure 2.3).
Figure 2.3: Visualization attempt for quantum entanglement between two particles:
"spooky action at a distance". Credit: Mark Garlick/Science Photo Library [78]
Photons can be entangled in dierent degrees of freedom such as time-frequency [79],
position-momentum [80], orbital angular momentum [81] or time-bin entanglement [82].
Here, the focus is on the polarization state of photons as a viable method for transporting
qubits over long distances [83]. Maximally entangled states are commonly represented by
the four Bell states:
|Φ±〉 = 1√
2
(|HH〉 ± |V V 〉)
|Ψ±〉 = 1√
2
(|HV 〉 ± |V H〉)
(2.5)
with H and V denoting horizontal and vertical polarization, respectively. These states is not
separable into states of each individual photon, and therefore entangled. In the following, the
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Bell state |Φ+〉 shall be considered. Measurements are performed on photon i by projecting
on a desired state 〈α|i with a certain measurement probability
pα,i = | 〈αi|Φ+〉 |2 (2.6)
Exemplary, when projecting on the horizontal (H) or vertical (V) basis state (e.g. using a
linear polarizer and single photon detector) one obtains
pH,1 = | 〈H1|Φ+〉 |2 =
1
2
, pV,1 = | 〈V1|Φ+〉 |2 =
1
2
(2.7)
with photon 2 remaining in the state |H2〉 or |V2〉, respectively. Therefore, the measurement
outcome on only one photon cannot be predicted, but the measurement on one particle of
the entangled state instantaneously aects the state of the second particle. This violates
classical theories in terms of locality, i.e. that distant events cannot occur faster than the
speed of light, and realism, i.e. measured physical quantities are a pre-determined value
before measurement. Could there be any alternative explanations of this phenomenon? For
instance, we may see similar correlations in everyday life. One example was given by J. S.
Bell in 1980 [84]: The Austrian physicist R. A. Bertlmann wears socks of dierent color.
Which colors he would wear each day could not be predicted; but if one sees e.g. a pink
sock on one foot, the other sock would have a dierent colour. Or, considering photons,
one could ask whether the photon source simply sends out each time 2 horizontally or two
vertically polarized photons for some reason, as e.g in the state with the density operator
ρc =
1
2
(|HH〉 〈HH|+ |V V 〉 〈V V |) (2.8)
which would result in the same behavior discussed above when projecting photon 1 on H.
The probability to detect photon 1 in H is (equivalent with V ):
pH,1 = Tr
(
PH,1 ρcP
†
H,1
)
=
1
2
(2.9)
Applying the projection operator PH,1 = |H112〉 〈H112| and calculating the partial trace
over subsystem 1 we obtain the resulting state of photon 2:
ρ2 = Tr1
(
PH,1ρcP
†
H,1
pH,1
)
= |H〉 〈H| (2.10)
Photon 2 is horizontally polarized, just as in the case of the entangled state Φ+. However,
these two dierent cases can be easily distinguished when rotating the measurement basis:
|D〉 = 1√
2
(|H〉+ |V 〉) (2.11)
|A〉 = 1√
2
(|H〉 − |V 〉) (2.12)
|R〉 = 1√
2
(|H〉 − i |V 〉) (2.13)
|L〉 = 1√
2
(|H〉+ i |V 〉) (2.14)
In the diagonal (D and A) and circular (R and L) polarization basis the state |Φ+〉 can be
rewritten:
|Φ+〉 = 1√
2
(|D1D2〉+ |A1A2〉) =
1√
2
(|R1L2〉+ |L1R2〉) (2.15)
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A projection of photon 1 on D would again happen with 50% probability and result in
photon 2 being projected to D also. In the circular case the photons would have orthogonal
polarizations (anti-correlation). In contrast, rewriting ρc in the diagonal basis results in
ρc =
1
4
( |DD〉 〈DD|+ |DD〉 〈AA|+ |AA〉 〈DD|+ |AA〉 〈AA|
+ |DA〉 〈DA|+ |DA〉 〈AD|+ |AD〉 〈DA|+ |AD〉 〈AD|)
(2.16)
Projecting photon 1 on D would again occur with 50% probability:
pD,1 = Tr
(
PD,1ρcP
†
D,1
)
=
1
2
(2.17)
The key dierence is the resulting state of photon 2:
ρc,2 = Tr1
(
PD,1ρcP
†
D,1
pD,1
)
=
1
2
(|D〉 〈D|+ |A〉 〈A|) (2.18)
which is a statistical mixture of D and A. The measurement outcome is therefore dierent
from the entangled state Φ+.
There have been extensive debates in the past whether quantum mechanics is a complete
description of reality. However, to date all of the many experiments in this regard have
conrmed the predictions of quantum mechanics [85, 86]. A lot of those have shown the
violation of the Bell inequality [41] and therefore violation of local realism.
There are several other entangled states with potential application in quantum information
technology. Greenberger-Horne-Zeilinger (GHZ) states [87, 88] such as (here exemplary for
4-photon polarization entanglement)
|GHZ〉 = 1√
2
(|H1H2H3H4〉+ |V1V2V3V4〉) (2.19)
can be used for quantum secret sharing [89]. So called NOON states [90, 91] (here for N = 4
photons)
|NOON〉N=4 =
1√
2
(|4〉a |0〉b + |0〉a |4〉b) (2.20)
with the modes a and b (e.g. spatial modes in a Mach-Zehnder interferometer) enable
super-resolution in phase measurements [77].
2.1.2 The quantum repeater
Distributing entanglement lies at the core of quantum communication. Photons are the most
promising physical system to achieve that task: They exhibit good coherence properties due
to weak interaction with the environment. They are delivered with low transmission losses
and high speed. Single qubits can be easily controlled using standard optical elements such
as retarders and polarizers, and ecient detectors are readily available. However, non-trivial
two-qubit gates are harder to acheive due to low photon-photon interactions [92].
Despite all advantages, there are signicant transmission losses of photons in long ber or
free-space channels, raising the question how single photon qubits could be amplied. Due
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Figure 2.4: (a) Secret key rate per average total channel use G over distance of commu-
nication via optical ber, for dierent quantum key distribution protocols. (b) Quantum
repeater advantage for secret key exchange over long distances. Implementation of n quan-
tum repeater nodes increases the secret key rate G and may therefore enable long-haul
quantum key distribution. Figure from [93] / CC BY 4.0 [94]
to the no-cloning theorem, classical signal ampliers cannot be used to enhance the signal.
However, in an optical ber the number of transmitted photons decreases exponentially with
the distance. Even though the losses in telecom bers can be as low as 0.2 dB/km [95], only
1% of photons would arrive after a distance of 100 km. This directly translates to e.g. the
secret key rate in quantum cryptography applications, as highlighted in Figure 2.4a.
Therefore, alternative schemes are required, allowing for the fault-tolerant distribution of
entangled photons over arbitrary distances. Quantum information can then be teleported us-
ing these photon pairs [14]. The idea of a (BDCZ) quantum repeater was rst introduced by
Briegel, Dür, Cirac and Zoller in 1998 [13]. The total distance between two communicating
parties (e.g. Alice and Bob) is divided into N segments with intermediate nodes Ci=1...CN
with auxiliary particles. Entangled photon pairs are rst generated between neighboring
nodes Ci and Ci+1. These pairs are then connected by entanglement swapping via Bell
state measurements at each node and classical inter-node communication about the results.
However, this process will unavoidably also degrade the entanglement delity. Therefore,
nested entanglement purication protocols [13, 96] are required, i.e. increasing the delity
of one pair by performing local operations on several entangled pairs with imperfect delity.
The advantage of using quantum repeaters is illustrated in Figure 2.4b, showing the secret
key rate per average total channel use over a distance of 10000 km for n = 0, 10, 20, 30
repeater nodes. It is clear that over such a long distance communication without repeater
(n = 0) is basically impossible, whereas it becomes feasible when using several repeater
nodes n ≥ 10.
Though extensive eorts have been spent in developing a quantum repeater [97, 98], none
has been realized so far. A main reason is that the ecient generation and manipulation
of quantum states is very challenging: For a feasible quantum repeater, quantum memories
with high storage times and eciencies are required, as well as a highly ecient conversion
between stationary (memory) qubits and ying (photon) qubits. The latter benets from
ecient entangled photon sources that emit photons which match the optical features of a
quantum memory. For communication via ber it is essential to work with photons at the
standard telecom wavelength bands in order to minimize transmission losses. In addition,
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Figure 2.5: Sketch of a quantum repeater with one node, based on entangled photon
emitters. (a) One repeater segment consists of two remote entangled photon sources. One
photonic qubit from each emitter is mapped onto a quantum memory. Entanglement be-
tween the two remote memories is then generated via entanglement swapping based on a
Bell state measurement on the remaining photons. (b) Once entanglement between the
memories of all repeater segments has been established, entanglement swapping with the
memories at each repeater node establishes entanglement between the rst and last memory.
(c) The remote entangled state can now be used to transmit quantum information from a
sender (Alice) to a receiver (Bob).
all of these components have to be based on scalable technologies in order to realize large
quantum communication networks. There has been signicant progress in the last decades,
e.g. by demonstrating a BDCZ quantum repeater node based on atomic memories [99].
A possible implementation of a one-node quantum repeater based on entangled photon
sources and quantum memories is shown in Figure 2.5. In each repeater segment, entangled
photon sources deploy one respective photon to a quantum memory, and the other is sent
over a long (lossy) channel to a Bell state measurement (BSM) with one photon from the
remote source, i.e. entanglement swapping. This process is repeated until successful photon
storage in the two remote quantum memories is achieved and entanglement between these
memories established by a successful BSM. Once the remote memories are entangled within
each repeater segment, a BSM is performed on the two neighboring quantum memories at
the central repeater node, therefore swapping entanglement to the left (sender) and right
(receiver) quantum memory. After entanglement purication, the entangled state can then
be used by Alice and Bob to transmit quantum states via quantum teleportation.
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This (rst generation) quantum repeater approach uses heralded signals (e.g. from BSM)
for entanglement generation and purication. Therefore, two-way classical communication
between the nodes is required, which increases the cycle time required for entanglement
generation between Alica and Bob. Therefore the total signal rate decreases signicantly
with increasing distance. To circumvent this, rened quantum repeater schemes have been
proposed making use of quantum error correction protocols [100]: That way almost ideal
entangled pairs can be generated at the encoded level, i.e. operation errors are determin-
istically corrected [101] (so-called second generation quantum repeater). If both the loss
and operation errors are corrected for deterministically using quantum error correction,
all-photonic (third generation) quantum repeaters [102, 103] may be realized, without the
need of matter qubits as quantum memories. The total signal rate would be greatly en-
hanced because no two-way classical communication is required and therefore the rate is
then mostly limited by the (short) local gate operation times. However, these scheme re-
quires the scalable generation of photonic cluster states with high photon numbers, which
is technologically very challenging.
2.2 Quantum memories
A Quantum memory is a major building block for quantum communication networks or
scalable linear optical quantum computing. Ecient light-matter interfaces are required in
order to map (ying) photonic qubits onto (stationary) matter qubits. Quantum memo-
ries then allow for the synchronization of probabilistic events in quantum repeater schemes.
One requirement for such an application is the storage of photonic qubits within a quan-
tum memory at a millisecond time scale [104, 11]. In the last decades, various material
systems, excitation schemes and physical degrees of freedom have been investigated in that
regard [105, 26, 104]. Promising candidates for exceedingly long coherent storage are ensem-
bles of laser-cooled atoms [106, 107, 108, 109], single trapped atoms [27], impurity-doped
crystals [110, 111] and optomechanical systems [112].
The following properties are essential for characterizing a quantum memory [26]:
 Fidelity (The overlap between the input and output photonic state)
 Storage time
 Eciency
 Wavelength
 Bandwidth
 Dimensionality (Capacity for multi-photon storage)
Some of these parameters can be more relevant than others, depending on the desired ap-
plication of the quantum memory. A long storage time is required for long-haul quantum
communication with quantum repeaters [13], but for local quantum processing other prop-
erties such as the multi-mode capacity [113] become more relevant.
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2.2.1 Trapped atoms in optical cavities
One promising quantum memory candidate for polarization qubits are trapped atoms in
optical cavities. An experimental realization featuring high delity (> 90%) and long
(> 100µs) storage times was demonstrated by H. P. Specht et al. in 2011. As shown in
Figure 2.6a, a single 87Rb atom is trapped in a high-nesse optical cavity using a far o-
resonant dipole trap. The cavity employs one high-reectivity mirror with a transmission
T < 6 · 10−6 and an out-coupling mirror with a transmission ≈ 100 · 10−6. Weak coherent
pulses are then reversibly mapped in and out of the quantummemory, after a variable storage
time, with the help of a control laser. Initially, the atom is prepared in the hyperne ground
state |F = 1,mF = 0〉 with > 90% eciency. Weak coherent pulses, addressing the cavity
resonance but Stark-shifted by 12MHz to the F = 1 ↔ F ′ = 1 transition of the D2 line,
are then guided to the cavity. In addition, the Rabi frequency of a π-polarized pump laser
Figure 2.6: Quantum memory based on an atomic spin state. (a) A single atom (1) is
trapped with a far-detuned optical dipole trap (2) in a high-nesse cavity. A pump beam (3)
is used to map the state of a weak coherent pulse (4) onto the spin of the single atom. The
qubit is then read out by emitting a single photon (5). Inset: Typical uorescence image
of a single, trapped atom. (b) The polarization-qubit of a coherent probe-pulse (red curly
arrows, arbitrary superposition of σ+ and σ− polarization) is converted to an atomic spin
excitation using a π-polarized pump-laser (blue straight arrows). (c) The qubit is stored
in the long-lived superposition of the atomic ground states |F = 2,mF = ±1〉. (d) The
qubit is retrieved by emission of a single photon after a variable storage time. Reprinted by
permission from Springer Nature: [27].
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addressing the F ′ = 1 ↔ F = 2 transition is adiabatically changed to zero. Therefore, the
phase relation between the σ±-polarized coherent input pulses are coherently transferred to
a phase in the superposition of the states |F = 2,mF = ±1〉 via stimulated Raman adiabatic
passage [114] (Figure 2.6b). After the qubit is stored for a variable time (Figure 2.6c), the
state of the Zeeman sublevels is mapped back to the polarization of a photon (Figure 2.6)
using a second control laser pulse. An average delity of 93% has been achieved and a qubit
coherence time of 184µs has been realized. The photon wavelength is determined by the
available transitions, here the 87Rb D2 line at ≈ 780nm. An eciency of 9.3% has been
demonstrated, mainly limited by the atom-cavity coupling [115].
Decoherence can be reduced by utilizing states that are insensitive to the magnetic eld
(clock states) [116]. Coherence times exceeding 100ms have been realized by employing
a combination of two dierent atomic congurations [28]. The eciency of the memory
can be increased with higher positioning accuracy of the atom or by using cavities with
smaller mode volume such as Fabry-Pérot ber cavities [117, 118]. The Fourier-limited
linewidth of the underlying atomic transitions is usually several MHz, whereas typical QD
emission linewidhts are in the GHz range. However, the bandwidth of atom-cavity quantum
memories is determined by the cavity bandwidth and the atom-cavity coupling. It can be
increased further by making use of atomic ensembles in order to enhance the light-matter
interaction [119]. Therefore these type of quantum memories are promising with respect to
application in hybrid semiconductor-atom quantum networks.
2.2.2 Atomic line filtering
The internal, narrow-band optical transitions of atoms can be employed for optical line
ltering applications. These atomic line lters (ALFs, [120]) exhibit Q-factors of up to 106
and allow for a larger range of light input angles in contrast to dielectric lters. Next to
many applications e.g. in light detection and ranging (lidar) [121] or Doppler velocime-
try [122], atomic line lters are used for laser frequency stabilization [123]. They can act as
a frequency reference or bandpass lter for single photons that address atom-based quantum
memories [124].
The rst atomic line lters under investigation were absorption-re-emission lters [125, 120].
The atomic vapor is placed between two high-extinction bandpass lters: Light with the
wavelength of interest enters the rst lter and excites the atoms. The latter than re-emit
light at a dierent wavelength according to the possible decay paths. The second bandpass
lter then transmits only wavelengths of the atomic vapor emission. Therefore all light
which has not interacted with the atomic vapor is blocked by the atomic line lter.
Faraday anomalous dispersion optical lters (FADOF) [127] are based on the polarization
rotation of light that passes through atomic vapor in a longitudinally applied magnetic
eld. Dened by the Faraday eect and anomalous dispersion, the rotation takes place
for wavelengths close to the atomic transitions. As illustrated in Figure 2.7a, two linear
polarizers in crossed orientations are added, one at each side of the vapor cell. As a result,
all optical signals are blocked apart from those which experience a polarization rotation in
the atomic vapor. Another type of atomic line lters is the Voigt lter [128], which is also
based on atomic vapor in a magnetic eld, enclosed by two crossed polarizers. However, the
magnetic eld is applied in a transverse direction, with an angle of 45◦ with respect to the
polarizer axes.
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Figure 2.7: Faraday anomalous dispersion optical lter (FADOF) based on caesium vapor.
(a) Sketch of the FADOF, consisting of a caesium vapor cell in a longitudinal magnetic eld
B and enclosed by two crossed linear polarizers. The transmission is monitored with a
photodiode. (b) Transmission T of a Cs based FADOF as a function of frequency detuning
of a narrowband laser relative to the weighted D1 line center. The residuals R (bottom)
between experiment and theory show excellent agreement. Reprinted with permission from
[126] ©The Optical Society.
A typical transmission spectrum of a Faraday lter, here based on caesium vapor, is shown
in Figure 2.7b. The spectrum changes with the vapor cell temperature and the magnitude
of the applied eld. The electric susceptibility of atomic vapors can be simulated, e.g by
the software ElecSus [129]. Therefore, the Faraday lter transmission spectrum is predicted
(red dashed line in Figure 2.7b) with high accuracy.
2.3 Quantum light sources
Light in its various forms is often described by means of classical electromagnetism, which
is sucient for a vast variety of applications. However, there are some types of light whose
properties cannot be explained purely classical, but need to be described by a quantized
electromagnetic eld. This so-called quantum light [130], which is essential for quantum
information technologies, can be adequately described using quantum mechanics.
2.3.1 Description in Fock space
The quantum mechanical states of light (photons) are often conveniently described in Fock
space. Since states in Hilbert space H are dened for xed particle numbers, the Fock space
F is constructed as the direct (orthogonal) sum of the Hilbert spaces for n = 0, 1, 2, ..., N, ...
particles:
F = H(0) ⊕H(1) ⊕ ...⊕H(n) ⊕ ... (2.21)
with H(0) being one-dimensional and spanned by the vacuum vector |0〉. A complete set of
orthonormal states with arbitrary number of particles can be introduced, with the following
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relations of orthogonality
〈n1, n2, ..|n′1, n2, ...〉 = δn1n′1δn2n′2 (2.22)
and completeness ∑
n1,n2,...
|n1n2...〉 〈n1n2...| = 1 (2.23)
For bosonic particles such as photons, the annihilation operators ai and creation operators
a†i are dened by the relations:
a†i |n1...ni...〉 :=
√
ni + 1 |n1...(ni + 1)...〉 (2.24)
a†i |0〉 := |ni = 1〉 (2.25)
ai |n1...ni...〉 :=
√
ni |n1...(ni − 1)...〉 (2.26)
ai |0〉 := 0 |0〉 = 0 (2.27)
with the single-particle state |i〉, the occupation numbers n1...ni... and the vacuum state |0〉
with
〈0|0〉 = 1 (2.28)
and the particle number operator:
N =
∑
i
a†iai (2.29)
For observables (such as N) the number of annihilation operators must be equal to the
number of creation operators. The bosonic commutation relations are given by:
[ai, a
†
j] = aia
†
j − a
†
jai = δij, [ai, aj] = [a
†
i , a
†
j] = 0 (2.30)
A general many-particle state is written as
|n1n2...〉 =
(∏
i
(a†i )
ni
√
ni!
)
|0〉 (2.31)
2.3.2 Squeezed states and Fock states
There are several examples of non-classical light: Squeezed states of light are described
by the uncertainty relations between two non-commuting observables with a continuous
eigenvalue spectrum, and therefore often referred to as continuous variable quantum systems:
[x̂, p̂] = 2i (2.32)
(∆x̂)2 (∆p̂)2 ≥ 1 (2.33)
with the quadratures x̂ and p̂ and their respective uncertainties ∆x̂ and ∆p̂. The electric
eld can be written as
Ê = x̂ cos(ωt) + p̂ sin(ωt) (2.34)
with the angular frequency ω. Here, x̂ is referred to as amplitude quadrature (in phase with
the local oscillator) and p̂ as phase quadrature (out of phase with the local oscillator) [131]:
x̂ = â+ â† (2.35)
p̂ = −i(â− â†) (2.36)
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with the creation and annihilation operators â† and â. As the two quadratures do not com-
mute, they cannot be measured simultaneously with arbitrary precision. They are subject to
the Heisenberg uncertainty relations which is a direct consequence of the quantized electric
eld with the non-commuting creation and annihilation operators. It is therefore common
to describe the amplitude and phase of the optical eld with the Wigner function [132], a
quasi-probability distribution which describes the distribution of quadratures:
W (x, p) =
2
π
∫ ∞
−∞
dy e4iyp 〈x− y|ρ̂|x+ y〉 (2.37)
with the coordinate basis y and the density operator ρ̂. Both coherent and squeezed states
are represented by Gaussian Wigner functions. Coherent states are saturating the uncer-
tainty relations and exhibit a symmetric distribution. Squeezed states are described by a
Wigner function which is narrowed in the cross-section of one quadrature, at the expense
of a higher uncertainty in the other quadrature. These states can serve as information car-
riers or ancillary states, making them suitable for quantum information processing. Several
experiments have been carried out in that regard, such as quantum key distribution [133],
quantum memories [134] or entanglement swapping [135].
The focus of this work lies on another prominent example of quantum light: the Fock
states (photon number states) |n〉. They exhibit a discrete spectrum of eigenvalues and are
therefore referred to as a discrete variable quantum system:
Ĥ |n〉 = En |n〉 (2.38)
En =
(
n+
1
2
)
~ω (2.39)
Here, Ĥ is the harmonic oscillator Hamiltonian, and En the respective eigenvalues of a state
with photon number n. These states form an orthonormal basis with
〈n|n′〉 = δnn′ (2.40)
and the Kronecker delta function δnn′ . Any system with an harmonic oscillator Hamiltonian
can be described in the Fock space with photon number basis states |n〉 [136]. The creation
and annihilation operators and commutation relations discussed in subsection 2.3.1 are
applicable to these states.
Coherent states |α〉 are expressed in the Fock state basis as [136]
|α〉 = exp
(
−|α|2
2
) ∞∑
n=0
αn√
n!
|n〉 (2.41)
with the complex eld amplitude α in photon number units. They are eigenstates of the
annihilation operator, but not of the Hamiltonian of the harmonic oscillator. The probability
Pn to measure n photons in the coherent state is then given by a Poisson distribution
Pn = | 〈n|α〉 |2 =
nn
n!
e−n (2.42)
with the mean photon number n = |α|2 and the uncertainty (∆n)2 = n. This is in contrast to
the Fock states (e.g. single photon state |1〉) with a well-dened photon number. These non-
classical properties are determined by measuring the second-order coherence, as discussed in
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subsection 2.7.2. Discrete variable quantum states have been utilized for various quantum
information processing tasks, such as quantum teleportation [137], superdense coding [138]
or entanglement swapping [16]. In the following, emitters of Fock states are introduced,
with a focus on single and entangled photon emission.
2.3.3 Single photon emitters
Emitters of single photons are important constituents of quantum communication and linear
optical quantum computing schemes. The ideal source is supposed to emit exactly one
photon at a desired wavelength when receiving a trigger signal. The emitted photons shall be
indistinguishable, and in a well-dened spatial, temporal and polarization mode. The photon
bandwidth needs to match the respective applications, e.g. when coupling to quantum
memories. High emission rates are favorable, and the sources shall be scalable.
Realizing single-photon sources that approximate all of these requirements is a challenging
task. The concept of a photon has been introduced in 1900 by Max Planck [139]. However,
only in 1956 the rst single photon characteristics has been observed [140] followed by the
realization of the rst rst single photon sources in 1974, based on cascade emission in
mercury atoms [141]. Later on, trapping of single ions and atoms was utilized to obtain
single photon emission [142, 143]. Starting from the 1980s, single photons from spontaneous
parametric down-conversion (SPDC) in nonlinear optical crystals have been widely studied.
To this day, these sources remain the workhorse for many experiments involving single
photons [144].
However, these sources have a signicant drawback: They are not scalable. They either
require bulky setups and exhibit low emission rates and eciency (atoms and ions), or they
are created in a non-deterministic emission process (SPDC). Solid state photon sources are
a viable and widely studied alternative. In one form or another, electronic connement
results in discrete states in the solid state, by which single photons can be generated de-
terministically (as in atoms). On the one hand, their solid state nature is benecial for
large-scale integration in future devices. On the other hand, it also causes inhomogeneous
distributions of emitter wavelengths, and results in dephasing mechanisms which reduce the
photon indistinguishability. Furthermore, some emitters show blinking and photobleaching.
In Figure 2.8 several examples of solid-state single photon emitters are shown. The rst
solid state emitters under investigation were color centers (Figure 2.8a) and quantum dots
(Figure 2.8 d,e). Color centers are low density uorescent point defects in crystals. If
their electronic ground and excited states are well separated from the adjacent electronic
bands of their host crystal, even room temperature single photon emission is observed [146].
Examples of color centers are nitrogen vacancy (NV) or silicon vacancy (SiV) centers in
diamond, which occur naturally but can also be fabricated by implantation and annealing.
At cryogenic temperatures (T = 4K) they exhibit zero-phonon lines which can provide
indistinguishable photons and linewidths close to the lifetime limit [147]. Although the
fraction of photons emitted in the zero-phonon line is higher in SiV centers (≈ 70%),
their quantum eciency is comparatively low. In contrast to NV centers, SiV centers are
inversion symmetric and are therefore less susceptible to local strain and electric elds,
resulting in narrow inhomogeneous broadenings [148]. Silicon carbide is a wide bandgap
compound semiconductor allowing for industrial production. Single photon emission and
diode structures operating at room temperature have been realized using defects in SiC [149].
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Figure 2.8: Solid-state single photon emitters. (a) Colour centers in 3D bulk hosts and
nanocryostals that can emit single photons. Commonly studied materials are diamond, sil-
icon carbide (SiC), yttrium aluminium garnet (YAG) and zinc oxide (ZnO). (b) Emitters
based on 2D hosts. At cryogenic temperatures, localized excitons in monolayers of tran-
sition metal dichalcogenides including WSe2 and MoSe2 result in single photon generation
(confocal map on the left). Defects in monolayer hBN and few-layer akes of hBN (right)
allow for room-temperature operation. (c) Single-photon emission from localized excitons in
carbon nanotube defects. (d) Nitride-based QDs in a nanowire or (d) self-assembled InAs
QDs are examples of single photon emitters based on epitaxially grown QDs. Reprinted by
permission from Springer Nature: [145].
Long spin coherence times have been observed due to the abscence of nuclear spin states [145,
150]. The wide-bandgap II-VI semiconductor zinc oxide exhibits additional optoelectronic
and spintronic properties [151, 152]. However, the contained color centers are usually subject
to blinking and bleaching [153, 154] and p-n junctions are dicult to realize due to the
lack of high-quality, stable p-doped ZnO [155, 156]. Rare-earth-ion color centers can be
embedded in yttrium orthosilicate (YOS) or yttrium aluminium garnet (YAG). Though
they exhibit narrow optical transitions [157] and hyperne split ground-states with long
coherence times [158], the emission rates are low due to long excited states lifetimes and
various competing relaxation channels [159].
The type of solid-state single photon emitter that currently shows the best overall per-
formance are semiconductor QDs such as III-arsenide (Figure 2.8 e) or III-nitride (Fig-
ure 2.8 d) systems: At cryogenic temperatures (typically T < 5K) they can exhibit single
photon purities > 99% [20], lifetime-limited linewidths [160], high photon rates and e-
ciencies (brightness) > 60% [161, 162], spin-photon entanglement [163] and high-delity
two-photon entanglement [164]. They can be triggered electrically [21] and integrated with
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photonic structures such as nanowires [165] or micropillars [166], e.g. in order to increase
the photon extraction eciency. Room temperature single photon emission can be observed
in III-nitrate-based systems. Colloidal systems such as Perovskite QDs [167] can also emit
single photons at room temperature and can show narrow transitions at cryogenic tem-
peratures [168]. However, they usually suer from blinking and bleaching, requiring more
material development eorts [169, 170].
Further single photon emitters can be based on two-dimensional materials (Figure 2.8b) such
as transition metal dichalcogenides (TMDCs) [171] or hexagonal boron nitride (hBN) [172].
Other realizations can be found in semiconducting carbon nanotubes [173] (Figure 2.8c) or
single molecules [174, 175].
2.3.4 Polarization-entangled photon emitters
The most common sources of polarization-entangled photon pairs are based on SPDC in
nonlinear optical crystals. They operate at room temperature and allow for near-unity
entanglement delity and photon indistinguishability [176, 177] and for wavelength multi-
plexing [178]. The principle of entangled photon generation in these materials is shown in
Figure 2.9. As illustrated in the Feynman diagram in Figure 2.9 a, one photon (usually from
Figure 2.9: Generation of entangled photons based on SPDC. (a) Feynman diagram
of SPDC showing a photon with frequency ω3 split into photons with ω1 and ω2. (b)
Energy and (c) momentum conservation in the downconversion process. (d) Experimental
realization of type-II SPDC. An UV pump laser is guided to a nonlinear crystal (BBO). The
downconverted red photons are emitted in two cones, the extraordinary (vertically polarized)
and ordinary (horizontally polarized) cone. Polarization-entanglement is observed in the
intersection points of these cones. Reprinted with permission from Taylor & Francis: [179].
a laser) with energy ~ω3 and momentum ~~k3 is split into two photons 1 and 2 (also called
signal and idler) with their respective energy and momentum. The reverse process is called
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sum frequency generation (SFG), or in the case of ω1 = ω2 second harmonic generation
(SHG). Energy conservation (Figure 2.9 b)and momentum conservation (Figure 2.9 c) are
required:
ω3 = ω1 + ω2 and ∆ω = ω3 − ω2 + ω1 = ~0 (2.43)
~k3 = ~k1 + ~k2 and ∆~k = ~k3 − ~k2 − ~k1 = ~0 (2.44)
These phase-matching conditions can only be satised if (for simplicity now in the scalar
form)
k3 = k1 + k2 =
n3ω3
c
=
n1ω1
c
+
n2ω2
c
(2.45)
with the frequency-dependent refractive indices ni with i = 1, 2, 3 and the speed of light
c. However, it is very dicult to nd materials which satisfy this condition [179], since
mostly n3(ω3) > n2(ω2) > n1(ω1) for ω3 > ω2 > ω1. Therefore, birefringent crystals are
used which exhibit dierent refractive indices along dierent symmetry axes. Especially in
case of SHG, matching conditions ne(ω1) = no(ω3 = 2ω1) can be easily found for an uniaxial
nonlinear crystal with the so-called ordinary (o) and extraordinary (e) axes. SPDC processes
in birefringent crystals are classied into 3 types: If all involved photons (1,2,3) share the
same polarization, it is referred to as type-0 SPDC [180]. If the polarization of the pump
photon is orthogonal to the signal and idler photons with identical polarization, one speaks
of type-I [181]. Type-II SPDC occurs when signal and idler photons exhibit orthogonal
polarizations [8]. Figure 2.9 d shows how this can be realized experimentally: Light from
an ultraviolet pump laser is guided to a nonlinear crystal such as the common beta barium
borate (BBO). The photons downconverted in a type-II process are then emitted in one cone
with horizontal polarization (ordinary) and one with vertical polarization (extraordinary).
Polarization-entanglement is then observed in the intersections of these cones, resulting in
the state
|ψ〉 = 1√
2
(
|HiHs〉+ eiφ |ViVs〉
)
(2.46)
for the signal (s) and idler (i) photons and an adjustable phase φ.
Quantum-mechanically one can describe SPCD using an interaction Hamiltonian for the
signal (s), idler(i) and pump (p) photons
ĤSPDC = i~κ
(
âiâsâ
†
pe
i∆~k ·~r−i∆ωt + â†i â
†
sâpe
−i∆~k ·~r+i∆ωt
)
(2.47)
with a material and geometry dependent constant κ which denes the interaction strength [179].
Usually SPDC processes are quite inecient, resulting in small κ. As easily seen by the lad-
der operators in ĤSPDC , the left term in the sum describes SFG and the right term SPDC,
showing that these two processes can exist at the same time. Using the time-dependent
Schrödinger equation one nds the state
|ψ(t)〉 = exp
(
1
i~
∫ t
0
ĤSPDC(t
′)dt′
)
|0s0iNp〉 (2.48)
with the initial state |0s0iNp〉 of zero signal and idler photons and Np pump photons. Due
to the small κ, the rst terms of a Taylor expansion give a good approximation:
|ψ(t)〉 ≈ C0 |0s0iNp〉+ C1
1
i~
∫ t
0
ĤSPDC(t
′)dt′ |0s0iNp〉+ ... (2.49)
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with the coecients Cj with j = 0, 1, ... that ensure the normalization of the wavefunction.
When only considering the rst order, one nds
|ψ(t)〉 = C0 |0s0iNp〉+ κC1e−i∆
~k ·~r |1s1i(Np − 1)〉 (2.50)
showing the possibility of creating one signal and idler photon each. However, most of time
Figure 2.10: Hong-Ou-Mandel interference visibility over photon pair generation probabil-
ity for SPDC based entangled photon sources. Due to Poissonian emission characteristics,
higher pump powers result in an increased multiphoton emission, setting a fundamental
limit to the eciency of these sources. Reprinted by permission from Springer Nature: [18].
there will not be any signal and idler photons created, as C0  C1. This situation changes
with increasing pump power, where the pump light can be approximated by a classical
electromagnetic eld (âp ≈ Ep). As a result, higher order terms from the Taylor expansion
appear. Therefore there is a non-zero chance to create two (or more) pairs of signal and
idler photons. SPDC sources of entangled photons are then characterized by a Poisson
distribution with regard to the number of simultaneously emitted photon pairs. Thus, they
are not an on-demand photon source, but rather a probabilistic one.
An increase in the photon pair generation probability therefore leads to increased multi-
pair components. This would compromise the security of quantum cryptography schemes
and decrease the delity of logic gates based on quantum interference on a beam splitter.
This eect is shown in Figure 2.10, where the Hong-Ou-Mandel visibility is plotted over the
probability of creating a photon pair. As this probability increases, the visibility decreases
with a slope of −1 [18]. The application of SPDC bases sources is therefore usually limited
to photon generation probabilities per trigger of a few percent. Although these sources are
not scalable and are therefore limited with regard to practical implementation, they have
been used in many pioneering works of photonic quantum information technologies. Some
examples are the realization of entanglement swapping [16], ten-photon entanglement [17]
or quantum teleportation between islands [182] or to a satellite [183].
An alternative way of generating polarization-entangled photon pairs is by interfering single
photons on a beam splitter. This principle is known since 1998 [184, 9] and is illustrated
in Figure 2.11. First, single photons are prepared which can only be distinguished by their
polarization state and spatial mode. Two photons with orthogonal polarizations in the
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Figure 2.11: Generation of polarization-entangled photons with single photons. Two pho-
tons in orthogonal polarization states |1H〉 and |1H〉 are prepared in the respective input of
a balanced, non-polarizing beam splitter. Measuring coincidences behind the beam split-
ter results in the entangled state |Ψ−〉 of the output photons, obtained with 50% success
probability. Reprinted with permission from [175] ©The Optical Society.
rectilinear basis are then guided to the input of a non-polarizing beam splitter, one photon
in each input a1 and a2. The state at the output ports b1 and b2 of the beam splitter then
becomes (see section 2.6)
|φout〉 = −
i
2
(
|HV 〉b1 |0〉b2 + |0〉b1 |V H〉b2
)
+
1
2
(
|H〉b1 |V 〉b2 − |V 〉b1 |H〉b2
)
(2.51)
with the latter term denoting the Bell state |Ψ+〉. To obtain only this state, coincidence
measurements after the beam splitter are performed. This will remove the rst term in
Equation 2.51 as it consists solely of two-photon components in each output. Therefore
a well-dened Bell state is obtained with 50% probability. Assuming high single-photon
generation eciencies, this approach can already outperform SPDC sources. However, for
applications such as a quantum repeater Bell state generation eciencies of > 90% are
required [145]. Such an on-demand source of polarization entangled photon pairs may be
realized using semiconductor quantum dots, which will be discussed in the following section.
2.4 Semiconductor quantum dots
Semiconductor nanostructures with a three-dimensional extent in the order of the de Broglie
wavelength λdB of the contained charge carriers are called semiconductor quantum dots
(QDs). In the non-relativistic case, the de Broglie wavelength is written as [185]
λdB =
h
p
=
h√
2meff E
. (2.52)
with the Planck constant h, momentum p, eective mass meff of the particle and its ki-
netic energy E. In contrast to bulk semiconductors with continuous energy bands, the
electronic states in (quasi-) zero-dimensional structures are discrete as a result of the three-
dimensional connement. The electronic congurations of semiconductor structures with
dierent dimensionalities are compared in Figure 2.12. The Schrödinger equation is solved
for a three-dimensional semiconductor using the Bloch wave functions
ψ(~r) = u(~r) ei
~k~r . (2.53)
with the position ~r, wave vector ~k, and a periodic function u(~r) with the same periodicity
as the crystal potential. The qualitative properties of the density of states ρ(E) v dN(E)/dE
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Figure 2.12: From bulk semiconductors to QDs, featuring a sketch of the connement
(top) and the density of states ρ(E) (bottom). Without connement (3D bulk), electrons
(holes) can occupy the conduction band with the band edge ECB (valence band: EV B).
Connement in one direction (quantum well, 2D) results in a step-like density of states.
1D quantum/nano wires are charaterized by a continuous ρ with distinct peaks. Discrete
energy levels arise only in the case of connement in all directions (QDs, 0D), where each
state can only be occupied by two electrons (holes) based on the Pauli exclusion principle.
Figure from [186] / CC BY 4.0 [94]
are then derived from the number of states N(E) for the energy E in a spherical shell of
the k-space, resulting in:
ρ3D(E) v
√
E − ECB , (2.54)
ρ2D(E) v const. , (2.55)
ρ1D(E) v
1√
E − ECB
, (2.56)
ρ0D(E) v δ(E − ECB) . (2.57)
Here, the charge carriers in the conduction band with the band edge energy ECB are con-
sidered; the result is similar for the valence band with EV B. Only the zero-dimensional case
results in a discrete ρ(E). Therefore QDs are often referred to as articial atoms. However,
in contrast to atoms, QDs can be easily tailored according to the desired application. An
example of that is illustrated in Figure 2.13, showing the dierent emission wavelengths of
CdSe quantum dots as a function of their size. The stronger connement in smaller QDs
results in a bigger energy separation of electronic states. Therefore blue-shifted emission is
observed, whereas for larger QDs the emission is red-shifted.
Since the discovery of QDs [189] more then three decades ago by A .I. Ekimov [190] and
L. E. Brus [191], a vast amount of research has been conducted on a variety of dierent
material systems and fabrication methods. Examples are colloidal synthesis [192], plasma
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Figure 2.13: Dierent emission wavelengths of CdSe QDs depending on their size. Smaller
dots result in a stronger connement of charge carriers and therefore in a stronger separation
of energy states resulting in a blue-shifted emission. Larger quantum dots display red-shifted
photoluminescence spectra. Figure taken from [187] / CC BY 3.0 [188].
synthesis [193], self-assembly during epitaxial growth [194], lithographic patterning [195],
lateral QDs based on electrostatic connement [196] or QDs resulting from quantum well
thickness uctuations [197]. Some of the numerous envisioned applications for QDs are
already explored by industry. One prominent example are QD displays [198]: Due to the
color tunability and narrow wavelength distribution of the emitted light, displays with more
accurate colors can be produced. Additionally they can be more ecient compared to light
sources which have to be wavelength-ltered. QDs are also used for biological applications
such as cellular imaging [199] or real-time tracking of cells and molecules [200], because they
are brighter (large oscillator strength) and more photo-stable than organic dyes. Due to
their high extinction coecients, tunable absorption features and possible multiple exciton
generation [201], QDs can also nd application in solar cells [202]. Further application can
be found in photodetectors [203], photocatalysts [204] or single-electron transistors [205].
For quantum information processing, QDs may be utilized in various ways. They can act as
single and entangled photon sources, or as quantum memory using the spin degree of freedom
of single charge carriers in the QD. In the following, the electronic properties giving rise to
these eects are explained.
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2.4.1 Electronic properties
The discrete energy states in QDs can be occupied by two electrons (or holes) with dier-
ent spin orientation according to the Pauli exclusion principle. The schematic electronic
structure is illustrated in Figure 2.14. Usually the electronic connement is achieved by
Valence
band
Conduction
band
E
z Electron Hole
SC1 SC1SC2
g X X+ XX
Figure 2.14: Schematic band structure and excitonic states in a quantum dot. The charge
carriers in a low band-gap semiconductor SC2 are conned in all three spatial dimensions by
a high band-gap semiconductor SC1, resulting in discrete energy eigenstates. These states
may be unoccupied (ground state |0〉) or occupied with electrons and holes. Depending on
the number of charge carriers in the dot dierent excitonic states are formed, such as the
exciton |X〉, positive trion |X+〉 or the biexciton |XX〉. Figure inspired by [206]
embedding a low band-gap semiconductor nanostructure (SC2) into a high band-gap semi-
conductor (SC1). In the neutral ground state |g〉 there is no occupation with additional
charge carriers. A single electron and hole give rise to the exciton state |X〉. Adding
one more electron (hole) results in a charged exciton, also called a trion |X−〉 (|X+〉). If
the QD is occupied by two electrons and two holes one speaks of a biexciton state |XX〉.
Further adding of charge carriers results in dierent congurations of charged or neutral
multi-exciton states.
The energy of a single electron Ee (hole Eh) in the QD with respect to the conduction
(valence) band is given by the respective connement energies. If more than one charge
carrier is present in the dot, the interaction between these particles has to be considered.
The Hamiltonian for the exciton can then be written as
HX = He +Hh +HCoul (2.58)
with the single particle Hamiltonians of electron He and hole Hh, and a term including the
Coulomb interaction HCoul. The most important part of this interaction is described by the
mean-eld Coulomb interaction Cij between particle i and j [207]:
Cij =
qiqj
4πε0εr
∫ ∫
|ψi(~r1)|2|ψj(~r2)|2
|~r1 − ~r2|
d~r1d~r2 (2.59)
with the particle charges qi and qj, vacuum permittivity ε0, relative permittivity εr, particle
wave functions ψ1 and ψ2 and the particle coordinates ~r1 and ~r2. In the single particle
picture, the exciton energy is then written as
EX = Ee + Eh + Ceh (2.60)
2.4 Semiconductor quantum dots 37
The binding energy of the exciton is dened as the dierence of the individual particle
energies and the exciton energy:
EBX = (Ee + Eh)− EX = −Ceh (2.61)
The biexciton energy is written in a similar way:
EXX = 2Ee + 2Eh + 4Ceh + Cee + Chh (2.62)
with the additional repulsive terms Cee and Chh. The binding energy is then the dierence
between the individual exciton energies and the biexciton energy:
EBXX = 2EX − EXX = −2Ceh − Cee − Chh (2.63)
The binding energies of further excitonic complexes such as trions is determined in a similar
fashion. The dierent binding energies are estimated by considering the eective masses
of the charge carriers. As an example, in GaAs the eective mass for electrons at the
conduction band edge is m∗e = 0.067m0, whereas the eective hole masses at the valence
band edge arem∗lh = 0.082 andm
∗
hh = 0.51 for light holes and heavy holes, respectively [208].
Due to a signicant energy dierence between the higher heavy hole (spin of 3/2) band and
the lower light hole (spin of 1/2) band [207], QD excitons are predominantly heavy hole like
(though this can change under high strain [209]). Since the eective mass of electrons is
much lower, the electron wave function has a larger spatial extent compared to the hole
wave functions, implying that Cee < Chh according to Equation 2.59. Furthermore one can
deduce Cee < |Ceh| < Chh, assuming that the center of mass for electrons and holes are close
to each other. As a result, the relative energetic position of dierent excitonic complexes
can be estimated [207]:
0 < EBX− > E
B
XX > E
B
X+ < 0 (2.64)
In this simple model, eects like the exchange interaction or the inuence of additional
charge carriers on the particle wavefunctions have been neglected. Furthermore, the QD
spectrum depends on parameters such as material composition in the QD, shape, size,
symmetry and strain. Taking these into account, a more accurate picture of the spectral
position of excitonic complexes can be obtained by eight-band k ·p theory in combination
with the conguration interaction method [210, 211].
Since electron and holes are fermions, they carry a half-integer spin and obey the Pauli
principle. In the exciton ground state, electrons carry a spin |s, sz〉 = |1/2,±1/2〉 and the
(heavy) holes |j, jz〉 = |3/2,±3/2〉. The exchange (or spin-spin) interaction can be described
using the Hamiltonian [30]
Hex = −
∑
i=x,y,z
(aijisi + bij
3
i si) (2.65)
with the material dependent constants ai and bi. The exchange interaction lifts the spin
degeneracy of the electrons and holes, resulting in four excitonic states which can be charac-
terized by their angular momentum projectionsM = sz+jz (z shall be the growth direction).
States with |M | = 2 do not couple to the light eld (forbidden transition, dark exciton),
in contrast to states with |M | = 1 (bright excitons). In the basis of the four exciton states
|+1〉 , |−1〉 , |+2〉 , |−2〉 the exchange Hamiltonian takes the form [30]
Hex =
1
2

δ0 δ1 0 0
δ1 δ0 0 0
0 0 −δ0 δ2
0 0 δ2 −δ0
 (2.66)
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Figure 2.15: Examples of excitonic states in a QD with the respective spin conguration
and possible transitions between the states. The biexciton |XX〉 with two electrons (lled
circles) and two holes (empty circles) usually decays to a bright exciton state |Yb〉 (|Xb〉)
while emitting a horizontally or vertically polarized photon. The bright exciton states can
then decay to the ground state |g〉 emitting a photon, or they decay in a non-radiative
process, leaving behind one electron (|g−〉) or hole (|g+〉) in the dot. The negative trion
|X−〉 and positive trion |X+〉 show a radiative decay to the charged ground states while
emitting a photon with either left- or right-hand circular polarization, depending on the spin
orientation of the additional charge. Reprinted with permission from American Physical
society: [212].
with δ0 = 1.5(az +2.25bz), δ1 = 0.75(bx−by) and δ2 = 0.75(bx+by). This is a block diagonal
matrix, i.e. the bright and dark exciton states do not mix and are energetically split by the
electron-hole exchange energy δ0. The o-diagonal elements result in hybridization of the
states in the two dierent blocks for |M | = 1 and |M | = 2. Rotational symmetry (δ1 = 0)
would result in the mixing of only the dark excitonic states |+2〉 and |−2〉 and an energy
splitting of δ2. However, in most cases this symmetry is broken due to asymmetries in the
connement potential. The bright excitonic states |+1〉 and |−1〉 then hybridize additionally
and are split by δ1, often referred to as ne-structure splitting (FSS). The four eigenstates
of the Hamiltonian are then the bright states |Yb〉 = 1/
√
2(|1〉+ |−1〉), |Xb〉 = 1/
√
2(|1〉−|−1〉)
and the dark states |Yd〉 = 1/
√
2(|2〉+ |−2〉), |Xd〉 = 1/
√
2(|2〉 − |−2〉).
Figure 2.15 illustrates several excitonic ground states in QDs and the corresponding allowed
optical transitions. The biexciton state |XX〉 is fully degenerate because the electrons and
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holes occupy closed shells resulting in a total angular momentum of |M | = 0. The biexciton
decays into the two bright, energetically split exciton states |Yb〉 or |Xb〉 under emission of
a H- or V-polarized photon, respectively. A second emission of (H- or V-polarized) photons
is then observed by the decay to the ground state |g〉. The bright exciton states can couple
to the dark states via spin-ip processes [213]. The trion states |X−〉 or |X+〉 recombine
under emission of circular polarized photons, resulting in one remaining charge in the QD
(|g−〉 or |g+〉). Non-radiative processes can result in the coupling of states with optically
forbidden transitions.
2.4.2 Entangled photon generation
The biexciton-exciton cascade in QDs can be utilized to generate polarization-entangled
photons, as predicted in the year 2000 [29] and experimentally demonstrated in 2006 [19,
214]. The physical principle is sketched in Figure 2.16. The biexciton decays to a coherent
Figure 2.16: Radiative biexciton cascade decay showing ways for generating entangled
photons. (a) The bright |X〉 states are split by the ne structure spltting. All transition
channels have dierent energies. (b) The energies of the biexciton E(XX) and exciton
E(X) are tuned into resonance. States of entangled photons can be obtained by time-
reordering [215]. (c) The bright exciton states are degenerate (FSS ≈ 0). The two respec-
tive cross-polarized biexciton and exciton decay paths become indistinguishable, giving rise
to photonic polarization-entanglement. Figure taken from [35] / CC BY 2.0 [216].
superposition of the exciton eigenstates |Yb〉 and |Xb〉, resulting in an entangled state of the
photon polarization and the exciton state [217]:
|ψ1,X〉 =
1√
2
(|H1, Yb〉+ |V1, Xb〉) (2.67)
with the rectilinear polarization states |H1〉 and |V1〉 of the rst photon from the cascade
emission. Within the radiative lifetime of the exciton state, the relative phase between its
eigenstates will undergo a precession with a period Tp = h/δ1 with the FSS δ1. The second
emitted photon from the exciton decay is therefore entangled with the rst one:
|ψ1,2(t)〉 =
1√
2
(
|H1H2〉+ exp(−i
δ1
~
t) |V1V2〉
)
(2.68)
40 Chapter 2 Fundamental principles
with the time t between the emission of the biexciton photon (1) and exciton photon (2).
The density matrix then takes the form
ρ1,2(t) =
1
2

1 0 0 exp(−i δ1~ t)
0 0 0 0
0 0 0 0
exp(i δ1~ t) 0 0 1
 (2.69)
in the basis |H1H2〉, |H1V2〉, |V1H2〉 and |V1V2〉. For large FSS, i.e. for a precession pe-
riod Tp smaller than the exciton lifetime T1,X , each photon emission exhibits dierent o-
diagonal elements, as they rotate in the complex plane with t. Taking all photons (all t)
of a time-integrated measurement into account, the o-diagonal elements will average to
zero, resulting in ρ1,2 = 1/2(|H1H2〉 〈H1H2| + |V1V2〉 〈V1V2|). This is the case of a classical
correlation, where either two H- or two V-polarized photons are consecutively emitted (see
subsection 2.4.1). Selecting photons that are emitted within a specied range of t results
in a polarization-entangled state [217], a superposition of the Bell states |Φ+〉 and |Φ−〉
depending on which values of t are considered. For small FSS (Tp  T1,X) the two-photon
state turns into the Bell state
|Φ+〉 = 1√
2
(|R1L2〉+ |L1R2〉) (2.70)
commonly written in the circular polarization basis R, L (or σ+,σ−). Since several quantum
information applications require the on-demand generation of polarization-entangled photon
pairs, tremendous eorts have been spent in eliminating the excitonic FSS. This can be
achieved by selecting a suitable QD with a low FSS, or by applying external elds (see the
following section). In order to excite the biexciton state in an ecient and coherent manner,
two-photon excitation is applied, as rst demonstrated in 1994 [218]. Using pulsed two-
photon resonant excitation, entanglement delities of up to 0.81± 0.02 have been observed
in 2014 [164].
2.4.3 Post-growth tuning techniques
Generating entangled photon pairs for quantum network applications requires the photons
from dierent emitters to be indistinguishable. The main prerequisite for that are identical
emission wavelengths, and for strong entanglement a low FSS is required. However, it is
impossible to meet this requirements even with optimized sample growth [219], since the
QD growth is governed by stochastic processes. Therefore the emission wavelengths and
FSS will be distributed around a mean value. Post-growth tuning techniques are therefore
required to tune these values. Several methods exist, aecting the wavelength or/and the
FSS:
 Temperature: High inuence on wavelength, low inuence on FSS at low tempera-
tures [220]. Increasing the sample temperature can degrade the photon coherence.
 Magnetic elds: Can aect FSS [214] and wavelength [221]. Usually requires bulky
setups.
 Optical Stark eect: Aects both FSS and wavelength [222]. Requires additional
laser source (besides the excitation laser).
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 Quantum-conned Stark eect: Static electric elds aect the FSS and wave-
length [223]. Integrating QDs into heterostructures allows for vertical eld tuning [224,
225].
 Thermal and in-situ laser annealing: Inuences the emission wavelength and
transition lifetimes [226, 227]. The tuning is irreversible.
 Strain elds: Aects FSS and wavelength [228]. Piezoelectrics provide integrated
tuning mechanisms [39] and enable independent tuning of wavelength and FSS by
anisotropic strain [229].
Strain tuning is a very promising method to independently tune FSS and emission wave-
length to ensure indistinguishability of photons from remote emitters, while retaining en-
tanglement. Integrating QD containing nano-membranes onto piezoelectric actuators al-
lows for an integrated, scalable tuning mechanism, which can be combined with other
tuning methods. In particular, relaxor ferroelectric lead magnesium niobate-lead titanate
[Pb(Mg1/3Nb2/3)O3](1−x) − [PbTiO3]x (PMN-PT) single crystals with compositions near the
morphotropic phase boundary are used [230] due to their high piezoelectric activity [231].
2.5 Frequency feedback
Distributed quantum networks require photons from distant emitters to be indistinguishable.
One degree of freedom which is inherent to the emitter are the spectral properties, i.e.
mainly the center frequency of the emission, and the linewidth. The center frequency can
be modied using post-growth tuning techniques. However, keeping the emission frequency
at a desired set point on long time scales is challenging, since slight uctuations in external
elds (e.g. magnetic, electric or strain elds) or internal elds (e.g. generated by charge
traps in the vicinity of the emitter) [232] result in spectral detuning of the emitted photons.
In turn, this decreases the indistinguishability of photons from separate sources. Therefore
the center frequency needs to be stabilized at a desired set point, which can be achieved via
frequency feedback [233, 234, 235].
In 2014, J. Hansom et al. [236] applied frequency feedback to a single photon emitter as
depicted in Figure 2.17. The negative trion transition in an InAs/GaAs QD was resonantly
excited using a narrowband, continuous-wave laser. The zero phonon line was spectrally sep-
arated from the broad acoustic phonon sideband. Information on the spectral wandering of
the QD can then be derived from the phonon sideband intensity. The emission frequency was
controlled by applying an external electric eld to the QD embedded in a Schottky diode. A
small amplitude square wave modulation with a frequency of 1.5 kHz was applied, resulting
in a spectral modulation of the emission frequency (modulation smaller than linewidth). At
the same time the detuning-dependent modulation of the intensity of the phonon sideband
was measured with a single-photon detector whose output was connected to a lock-in ampli-
er. The latter generated an error signal that was sent to a proportional-integral controller
which supplied a DC correction to the electric eld at the QD. Figure 2.17a shows the in-
tensity time traces of the free-running emission and with applied frequency feedback. Slow
spectral wandering, resulting in intensity uctuations of the zero-photon line, is present for
the free-running QD, whereas the intensity is kept constant during frequency stabilization.
The bandwidth of the system is limited by the photon detection shot noise. The rates at
the single-photon detector monitoring the phonon sideband intensity therefore determine
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Figure 2.17: Frequency feedback for a resonantly excited negative trion emission from a
QD. The error signal is obtained using the phonon-sideband emission intensity. (a) Intensity
time traces of the negative trion emission with (black) and without (red) frequency feedback.
Wandering of the trion emission frequency detunes the QD from the resonant laser, resulting
in a reduced and uctuating intensity. With frequency feedback, the detuning and therefore
the intensity is stabilized. (b) Noise power spectral density of the resonance uorescence
signal with (black) and without (red) feedback. Reprinted from [236], with the permission
of AIP Publishing.
the modulation bandwidth, in this case of 191 ± 4Hz. This bandwidth can account for
electric eld uctuations (charge noise) around the QD [232] and therefore counteract de-
phasing processes and decrease the emission linewidth. This can be also seen in the average
noise power spectral density shown in Figure 2.17b. It is determined by recording a long
trace of binned (time bin ∆t) photon detection events xn with average event number x:
NQD(f) =
|DFT[xn
x
]|2 · (∆t)2
T
(2.71)
Here, T is the temporal length of the time trace and DFT the discrete Fourier transform. The
red curve (no stabilization) shows a 1/f behavior and a Lorentzian decay with a bandwidth
of 20Hz due to charge uctuations in the vicinity of the QD. In the case of frequency feedback
(black line), the 1/f noise and charge noise are suppressed up to 20Hz, and improvements
in the noise are observed up to 1 kHz.
Frequency feedback can therefore compensate for slow spectral wandering of the emitter
and also counteract dephasing mechanisms with frequencies up to the feedback bandwidth.
Since most quantum information applications require high photon rates, only a very small
amount of photons can be sacriced for stabilization schemes, or in the best case none at
all as in the discussed example. For quantum repeater applications it is important to sta-
bilize the emission frequency at quantum memory frequencies such as Cs or Rb transitions.
Furthermore, it is essential to stabilize separate sources to practically implement long-term
stability in quantum interference experiments.
2.6 Hong-Ou-Mandel interference
Interfering photons at beam splitters lies at the heart of many photonic quantum infor-
mation technologies. The most fundamental example is two-photon interference (TPI) on
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a non-polarizing beam splitter. This has rst been observed by Hong, Ou, and Mandel
in 1987 [237] for photons generated in a SPDC process. It describes the counter-intuitive
process described by quantum mechanics, that if two photons interfere at a beam splitter,
they will exit it pairwise. This is observed by measuring reduced coincidence events at
single photon detectors in each beam splitter output. The prerequisite for this process is
that the two photons which enter the beam splitter at dierent ports must be otherwise
indistinguishable in all degrees of freedom (polarization, temporal mode, frequency etc.).
Figure 2.18 shows the four possible Feynman processes at an ideal, balanced, non-polarizing
Figure 2.18: Feynman processes at a balanced, non-polarizing beam splitter in the presence
of one photon at each input port that are otherwise indistinguishable. The probability
amplitude vanishes for the processes with one transmitted and one reected photon (tr and
rt). Therefore indistinguishable photons will leave the beam splitter pairwise (tt or rr), also
known as Hong-Ou-Mandel interference.
beam splitter with one photon at each input port. The two photons can be either transmit-
ted (tt), reected (rr), or one of the photons transmitted and the other reected (rt, and
tr). Only the processes rr and tt would lead to coincidences at the detectors behind the
beam splitter. Their respective probability amplitudes are Arr = r2 and Att = t2, with the
complex reection and transmission coecients of the beam splitter r and t, respectively.
Then the amplitude for coincidence events is obtained:
Acoinc = Arr +Att = r2 + t2 , (2.72)
The coecients r and t must have a phase dierence of π/2 as required by time-reversal
invariance [238]. The coincidence probability Pcoinc is then
Pcoinc = |Acoinc|2 =
(
|r|2 − |t|2
)2
. (2.73)
resulting in vanishing coincidences at a balanced beam splitter.
Hong-Ou-Mandel (HOM) interference can be conveniently described in Fock space. First, a
beam splitter is assumed to feature the input ports a1 and a2, and output ports b1 and b2,
as in Figure 2.19.
a1
a2
b2
b1
Figure 2.19: Non-polarizing beam splitter with input modes a1, a2 and outputs b1, b2.
Then, the light elds at the input ports of the beam splitter are represented by bosonic
annihilation and creation operators. The beam splitter is described by a transformation
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matrix RBS with
b†1H
b†2H
b†1V
b†2V
 = RBS

a†1H
a†2H
a†1V
a†2V
 =

R11 R12 R13 R14
R21 R22 R23 R24
R31 R32 R33 R34
R41 R42 R43 R44


a†1H
a†2H
a†1V
a†2V
 (2.74)
and the commutation relations [ain, a
†
jm] = [bin, b
†
jm] = δijδnm and [ain, ajm] = [a
†
in, a
†
jm] =
[bin, bjm] = [b
†
in, b
†
jm] = 0.
Now the matrix elements of RBS have to be determined. It is now assumed that the
polarizations H and V can be treated completely independent, i.e. there is no polarization
cross-talk. Therefore the matrix reduces to
RBS =

R11 R12 0 0
R21 R22 0 0
0 0 R33 R34
0 0 R43 R44
 (2.75)
Assuming that the matrix RBS is unitary (corresponding to a lossless beam splitter), one
obtains:
|R11|2 + |R12|2 = 1 (2.76)
|R21|2 + |R22|2 = 1 (2.77)
R11R
∗
21 +R12R
∗
22 = 0 (2.78)
R∗11R21 +R
∗
12R22 = 0 (2.79)
For the matrix elementsRBS,ij−i, j = 3, 4 the procedure is equivalent. Now the polarization-
dependent properties of a non-polarizing, lossless beam splitter are considered. The re-
ectance and transmittance must full
RH + TH = |rH |2 + |tH |2 = 1, RV + TV = |rV |2 + |tV |2 = 1 (2.80)
with rH ,rV and tH ,tV denoting the complex reection and transmission coecients for hori-
zontal (H) and vertical (V) polarization, respectively. For simplicity any global phase factor
is omitted. This eventually results in [239]
RBS =

tH irH 0 0
irH tH 0 0
0 0 tV irV
0 0 irV tV
 (2.81)
The o-diagonal elements (≡ reection) carry an additional phase of π/2 (factor i) compared
to the diagonal elements (≡ transmission). This is explained by time-reversal invariance (as
discussed above) which results in a phase dierence between reection and transmission. The
additional polarization degree of freedom may now introduce further polarization-dependent
phases expressed in the reection and transmission coecients. Therefore RBS can take a
dierent form which in turn aects the quantum interference (see subsection 6.4.1).
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For an ideal non-polarizing beam splitter with rH = tH = rV = tV = 1/
√
2 the following
transformation matrix is obtained:
RBS =
1√
2

1 i 0 0
i 1 0 0
0 0 1 i
0 0 i 1
 (2.82)
Let us now assume an input state of a†1Ha
†
2H |0〉in. Applying the operator R
†
BS on Equation
6.8 results in
R†BS

b†1H
b†2H
b†1V
b†2V
 =

a†1H
a†2H
a†1V
a†2V
 (2.83)
and therefore the initial state becomes:
a†1Ha
†
2H |0〉in −→
1
2
(b†1H − ib
†
2H)(b
†
2H − ib
†
1H) |0〉out
= − i
2
(|2H , 0〉+ |0, 2H〉)
(2.84)
which is well known as Hong-Ou-Mandel (HOM) interference. Here, the commutations
[b†in, b
†
jm] = 0 were taken into account and in the nal notation the creation operators have
been applied. The position of the photon number states represents the output port b1 and
b2 (in this order). In contrast, if two photons with distinguishable polarizations impinge on
the beam splitter, the state transforms to
a†1Ha
†
2V |0〉in −→
1
2
(b†1H − ib
†
2H)(b
†
2V − ib
†
1V ) |0〉out
= − i
2
(|1H1V , 0〉+ |0, 1H1V 〉) +
1
2
(|1H , 1V 〉 − |1V , 1H〉)
(2.85)
In that case, all four possibilities illustrated in Figure 2.18 occur at the beam splitter, as also
expected in the classical picture. Experimentally, HOM interference is often characterized
by measuring coincidences C‖ for parallel and C⊥ for crossed initial photon polarizations
and determining the interference visibility V :
V =
C⊥ − C‖
C⊥
(2.86)
For ideal experimental conditions and perfectly indistinguishable photons V = 1 is expected,
whereas the visibility is lowered to V = 0 for distinguishable photons. In theory, the HOM
visibility is given by [240]
V = Tr(ρ̂1ρ̂2) =
1
2
(
Tr(ρ̂21) + Tr(ρ̂
2
2)− ||ρ̂1 − ρ̂2||2
)
(2.87)
with ||ρ̂||2 = Tr(ρ̂†ρ̂). It therefore depends both on the purities Tr(ρ̂)
2
and the indistin-
guishability ||ρ̂1 − ρ̂2||.
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2.7 Coherence of single photons
The coherence of light elds is central to experiments involving the interference of dierent
optical wavefunctions. Two light waves are considered coherent if they oscillate in the same
fashion (same frequency and waveform) apart from a constant phase dierence.
Two forms of coherence can be distinguished: spatial and temporal coherence. Spatial (or
transverse) coherence describes the interference capability (≡ cross-correlation) of a light
wave at two dierent points in space. That is required in case a light wave shall interfere with
a spatially displaced copy of itself. One example hereof is Young's double slit experiment,
in which interference fringes behind the double slit are observed for spatially coherent light.
Though spatial coherence must of course be ensured in typical quantum optical experiments
as well, it can be achieved comparatively easy by carefully aligning well-chosen optical
elements. As an example, two almost identical spatial mode proles obtained with light
coupled out from a single-mode ber can easily be spatially overlapped for interference at
a beam splitter. Photons emitted by quantum light sources can be launched into a single-
mode ber with high eciency by designing appropriate optical structures to obtain the
desired spatial mode prole. Dephasing mechanisms in the emitters usually do not aect
spatial coherence.
Most of time, the term coherence is used to describe temporal (or longitudinal) coherence.
It describes the interference capability (≡ cross-correlation) of a light wave at two dierent
points in time. Experimentally, temporal coherence is one of the greatest challenges for
solid-state quantum light sources and is more dicult to ensure. Dephasing mechanisms
in the emitter may induce phase shifts and frequency drifts which degrade the temporal
coherence. This is a direct consequence of the solid-state environment aecting the conned
charge carriers required for single-photon emission. To circumvent this, one can use a
dierent physical origin of single-photon emission, such as SPDC. However, high coherence
is hereby traded for a poor source eciency. Another possibility is to use narrowband optical
lters to ensure temporal coherence. That way even sunlight can be made coherent enough
to allow for quantum interference with photons emitted by a quantum dot [241]. It is easily
seen that this approach also results in a signicant loss of source eciency (or brightness).
However, most photonic quantum information applications require scalable quantum light
sources with high eciencies. Therefore a great amount of eort is spent on optimizing the
sources and nding ways to decrease decoherence mechanisms.
As laid out in the following, dierent orders of temporal coherence can be distinguished,
depending on which power of the electric eld is looked at.
2.7.1 First-order coherence
For a spatially coherent source, the rst-order coherence quantitatively describes the tem-
poral coherence by the rst-order correlation function g(1)(τ). It is mainly dened by the
rst order of the time-dependent electric eld [136]:
g(1)(τ) =
〈E∗(t)E(t+ τ)〉
〈|E(t)|2〉
(2.88)
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with the electric eld E and its complex conjugate E∗, and a time delay τ . The time average
〈...〉 is determined by
〈E∗(t)E(t+ τ)〉 = 1
T
∫
T
E∗(t)E(t+ τ)dt , (2.89)
with a long time T . The absolute value and real part of g(1)(τ) are symmetric towards
τ = 0, since g(1)(−τ) =
(
g(1)(τ)
)∗
.
Let us now assume the limiting case of a quasi-coherent light wave [136, 43] with the time-
dependent electric eld
E∗(t) = E0 e
iω0t eiα(t) (2.90)
Here, E0 denotes the electric eld amplitude, ω0 the oscillation frequency and α(t) a time-
dependent phase representing a decoherence mechanism. The rst-order coherence function
is then:
g(1)(τ) = eiω0τ 〈ei[α(t+τ)−α(t)]〉 (2.91)
The rapidly oscillating rst term corresponds to the interference-fringes observed in an
interferometer with tunable time delay. The coherence time of the light eld is determined
by the absolute value of g(1)(τ). Equation 2.88 shows that |g(1)(τ = 0)| = 1 for any given
light eld. The second term in Equation 2.91 is then responsible for a decreasing |g(1)(τ = 0)|
with increasing delays τ , because of growing phase randomness between α(t+ τ) and α(t).
For large τ the rst order coherence will eventually go to zero. The coherence time T2
describes the time-scale in which the drop from 1 to 0 takes place.
Dierent broadening mechanisms result in dierent shapes of g(1)(τ). Homogeneous broad-
ening (e.g. pressure broadening, lifetime broadening) corresponds to a Lorentzian lineshape
with a FWHM ∆ω and a rst-order coherence function [136]
g
(1)
L (τ) = exp (iω0τ) exp
(
−|τ |
T2
)
, (2.92)
with the coherence time T2 = 2/∆ω. Single photon emitters are sometimes modeled by ideal,
resonantly excited two-level systems, in which the coherence (or dephasing) is described by
1
T2
=
1
2T1
+
1
T ∗2
(2.93)
On the one hand, the uorescence lifetime T1 contributes to the dephasing. On the other
hand, further interactions like collision events with a bath [242] degrade the coherence, as
described by the pure dephasing time T ∗2 . For the limiting case of T
∗
2 = ∞ the coherence
time T2 is only determined by the lifetime T1. The emitted photons can then be made
indistinguishable and are also referred to as lifetime- (or Fourier-) limited.
Inhomogeneous broadening (e.g. Doppler broadening or spectral diusion [243]) results in
a Gaussian lineshape with a FWHM ∆ω and a rst-order coherence function [136]
g
(1)
G (τ) = exp (iω0τ) exp
(
−π
2
(
τ
T2
)2)
(2.94)
with the coherence time T2 =
√
8π ln(2)/∆ω.
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Figure 2.20: First-order coherence functions g(1)(τ) over the normalized time τ/T2 for ω0 =
40Hz. Depending on the underlying lineshape, a Lorentzian-like g
(1)
L (τ) or Gaussian-like
g
(1)
G (τ) can be obtained. The absolute value |g(1)(τ)| and coherence time T2 are determined
using a Michelson interferometer. [43]
The typical properties of the rst order coherence function for these dierent broadening
mechanisms is illustrated in Figure 2.20. For better comprehensibility, the oscillation period
of the electric eld is chosen close to the coherence time.
The rst-order coherence is directly proportional to the Fourier transform of the spectrum
F (ω):
g(1)(τ) ∼ F{F (ω)} (2.95)
This relation is derived from the fact that the electric elds in frequency and time domain
are connected by the restricted Fourier transform
ET (ω) =
1√
2π
∫
T
dtE(t) eiωt , (2.96)
For a large integration range T  T2, the power spectral density f(ω) becomes [244]:
f(ω) =
1
2π
∫ ∞
−∞
dτ 〈E∗(t)E(t+ τ)〉 eiωτ (2.97)
Integration over ω then yields ∫ ∞
−∞
dω f(ω) = 〈|E(t)|2〉 . (2.98)
by making use of the following representation of the Dirac delta function:∫ ∞
−∞
dωeiωτ = 2π δ(τ) , (2.99)
The normalized spectrum F (ω) is then obtained by dividing Equation 2.97 by Equation 2.98:
F (ω) =
1
2π
∫ ∞
−∞
dτ g(1)(τ) eiωτ , (2.100)
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Figure 2.21: Exemplary Lorentzian lineshape function in (a) frequency domain (FL(ω))
and (b) time domain (F̃L(ω)). The rst-order coherence g
(1)(τ) is proportional to the
Fourier transform F̃L(ω). (c) Michelson interferometer setup for determining the coherence
time τc by means of single-photon interference. An input stream I of single photons hits the
interferometer beam splitter. The interferometer delay time τ is set by a linear translation
stage in one arm. The absolute of the rst-order coherence g(1)(τ) is then determined by
ne-tuning the piezo stage while observing the intensity at the interferometer output using
a spectrometer. [43]
These relations between the rst-order coherence and the spectrum can be also understood
as a form of the Wiener-Khinchin theorem.
For the typical example of a Lorentzian spectral prole, the power spectrum is dened as
[136]
FL(ω) =
∆ω/2π
(ω − ω0)2 + (∆ω/2)2
. (2.101)
with the center frequency ω0 and the FWHM ∆ω. The respective Fourier transform F̃L(t)
then becomes
F̃L(t) = F{F (ω)} =
∫ ∞
−∞
dω
∆ω/2π
(ω − ω0)2 + (∆ω/2)2
e−iωt ∼ e−iω0te−
∆ω|t|
2 . (2.102)
representing the rst-order coherence function in Equation 2.92, using T2 = 2/∆ω. Fig-
ure 2.21a and b illustrate this transformation from the frequency domain (FL(ω) ) to the
time domain ( F̃L(t) ). Experimentally this is achieved by Fourier transform spectroscopy.
Usually, a tunable, unbalanced Michelson or Mach-Zehnder interferometer as shown in Fig-
ure 2.21c is used to determine the rst-order coherence function. The precise tuning of τ
allows for resolving spectral features of light with high accuracy, in the time domain. The
observed delay-dependent intensity I(τ) at the interferometer output can be written as [136]
I(τ) = I0
(
1−Re{g(1)(τ)}
)
(2.103)
with the intensity amplitude I0. However, in most experiments the oscillation period of the
electric eld is signicantly smaller compared to the coherence time, which would result in
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very long measurement times for scanning all interference fringes. To circumvent this, the
visibility V is measured for a limited number of delays τ . The visibility can be written as
V (τ) = |g(1)(τ)| (2.104)
and for each delay time, it is determined by
V =
Imax − Imin
Imax + Imin
(2.105)
with the minimum and maximum intensity of the interference fringes Imin and Imax, respec-
tively.
So far the discussion did not include a quantum-mechanical treatment. Single-photon inter-
ference will take place if the light emitted by single photon sources is considered. However,
the principles discussed above can be translated to that case. A superposition of weighted
monochromatic modes |ω〉 can describe a single photon wave packet [245]:
|1〉 =
∫
dω φ(ω) |ω〉 . (2.106)
with the probability amplitude φ(ω). After the Michelson interferometer, the single photon
state becomes
|1〉 ∼
∫
dω φ(ω) (eiωt1 + eiωt2) |ω〉 , (2.107)
The second-order interferogram is then determined as P (τ) =
∫
dω′|〈ω′|1〉o|2 . Using τ = t2−
t1, and considering a normalized Φ(ω) = |φ(ω)|2 with center frequency ω0, the interferogram
is written as [245]
P (τ) ∼ 1 + Γ(τ) cos(ω0τ) , (2.108)
with Γ(τ) denoting the Fourier transform of the spectral density, corresponding to the
visibility measured at the interferometer output, or the absolute value of the rst order
coherence (see Equation 2.104).
2.7.2 Second-order coherence
In contrast to the rst-order coherence function which describes amplitude correlations, the
second-order coherence g(2)(τ) describes correlation of the intensity I(t) = |E(t)|2, i.e. the
second power of the electric eld. For the classical model and spatially coherent light it is
dened as
g(2)(τ) =
〈E∗(t)E∗(t+ τ)E(t+ τ)E(t)〉
〈E∗(t)E(t)〉〈E∗(t+ τ)E(t+ τ)〉
=
〈I(t)I(t+ τ)〉
〈I(t)〉〈I(t+ τ)〉
. (2.109)
We rst consider light with a time-dependent intensity
I(t) = 〈I〉+ ∆I(t) (2.110)
and a constant average intensity 〈I(t)〉 = 〈I(t+ τ)〉 with 〈∆I(t)〉 = 0. The time-scale of the
intensity oscillations is determined by the coherence time T2. For τ  T2 the intensities I(t)
and I(t + τ) are uncorrelated and therefore the second-order coherence in Equation 2.109
becomes
g(2)(τ  τc) =
〈I(t)I(t+ τ)〉
〈I(t)〉2
=
〈I(t)〉2
〈I(t)〉2
= 1 (2.111)
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The opposite case of τ  τc results in
g(2)(τ  τc) =
〈I(t)2〉
〈I(t)〉2
(2.112)
Considering the classical model, it can be shown [136] that at zero delay τ and for any
possible time-dependence of the intensity the following is valid:
g(2)(0) ≥ 1 , g(2)(0) ≥ g(2)(τ) (2.113)
In the special case of coherent, monochromatic light the second-order coherence is constant:
g(2)(τ) = 1. Larger values of g(2)(0) (also called bunching) are observed for classical light
with a time-dependent intensity (chaotic, bunched light).
The exact shape of g(2)(τ) is determined by the kind of line broadening present in the source.
As an example, a Lorentzian lineshape results in [136]
g(2)(τ) = 1 + exp
(
−2 |τ |
τ0
)
(2.114)
with the transition lifetime or collision time τ0.
In Figure 2.22a, the second-order coherence function g(2)(τ) is outlined for dierent light
sources. So far, only classical light sources have been considered. The second-order coher-
ence of quantum light sources has no classical counterpart. Considering a single mode eld,
g(2)(τ) is written as
g(2)(τ) =
〈â†â†ââ〉
〈â†â〉2
= 1 +
(∆n)2 − n
n2
(2.115)
with the mean photon number n = 〈â†â〉 and the variance ∆n = 〈(n− n)2〉 = 〈(â†â− n)2〉.
For Fock states |n〉 with mean photon number n = n and ∆n = 0 one obtains
g(2)(0) = 1− 1
n
(2.116)
Therefore, the special case of single photon sources (n = 1) results in g(2)(0) = 0. A light
source is considered a single-photon source if g(2)(0) < 0.5, since g(2)(0, n > 1) ≥ 0.5.
Coherent states |α〉 can be written in the Fock basis as previously described in Equation 2.41.
The second-order coherence at zero delay τ is therefore
g(2)(0) = 1 (2.117)
which is identical to the result in the classical model, as discussed above. Measurements of
the second-order coherence are therefore suitable to unveil the quantum nature of a non-
classical light source. Single photons emitted by a QD are typically described by [246]
g(2)(τ) = 1− exp
(
−|τ |
T1
)
, (2.118)
showing a dip towards zero at zero delay. The width of the dip is determined by the
lifetime T1. Such light with g(2)(0) < g(2)(τ) and g(2)(0) < 1 is also called anti-bunched.
Experimentally, the second-order coherence is measured with an intensity interferometer.
In 1956, the rst experiment of this kind has been conducted by R. Hanbury Brown and
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Figure 2.22: (a) Second-order coherence g(2)(τ) over the normalized delay time τ/T1. At
τ = 0, the second-order coherence shows bunching for chaotic light, constant behaviour
for coherent light, and anti-bunching for non-classical light such as single photon emission.
Inset: Sketch of the Hanbury Brown-Twiss (HBT) setup for measuring g(2)(τ). An input
stream of photons I is guided to a balanced beam splitter with two subsequent single photon
detectors D1 or D2. A histogram of the photon arrival delay times is generated using an
electronic coincidence counter. [43] (b) Measurement of an anti-bunched g(2)(τ) for the
single-photon emission from a QD, excited by a pulsed laser with 76MHz repetition rate.
R. Q. Twiss [140], using a stellar interferometer to collect light from Sirius. Today, a so-
called Hanbury Brown and Twiss (HBT) interferometer is commonly used, as schematically
shown in the inset of Figure 2.22a. An input stream of photons is sent to a 50/50 beam
splitter (BS) from where the photons are either reected towards the single-photon detector
D1 (start) or transmitted towards D2 (stop). A coincidence counter (CC) detects the start
and stop pulses from the detectors and determines the time dierence between those pulses.
A coincidence histogram is then obtained over the photon arrival delay τ between the
detectors. After normalization (usually by setting g(2)(τ  0) = 1) and corrections for
experimental uncertainties (detector dark counts and time resolution), the second-order
coherence function is obtained. Since a single photon can be either transmitted or reected
by the beam splitter, no coincidences at τ = 0 can be observed in the ideal case. For
many applications, a pulsed source of single photons is used, resulting in a second order
coherence as illustrated in Figure 2.22c. The light under investigation here was a single
photon stream emitted by a QD, excited with a pulsed laser with 80MHz repetition rate.
Clear anti-bunching (g(2)(0) ≈ 0) is visible, i.e. the absence of coincidences at the detectors
(τ = 0) in the HBT setup.
2.7.3 Photon Indistinguishability
An important parameter for the application of single photons in quantum optics applica-
tions is the photon indistinguishability, since it directly translates to the success probability
of quantum logic gates based on quantum interference at a beam splitter. For pure pho-
tonic states, the indistinguishability of photons emitted by a quantum light source can be
determined in the following ways: The rst possibility is to measure the lifetime T1 of the
2.7 Coherence of single photons 53
radiative decay from which the photons originate, and the coherence time T2 of the photons.
The indistinguishability Ilong is then determined by
Ilong =
T2
2T1
(2.119)
The other possibility is to determine the indistinguishability by means of HOM interference,
rst demonstrated by Santori et al. in 2002, as depicted in Figure 2.23a. Here, the QD
Figure 2.23: Experimental setup and coincidence histogram for an indistinguishability
measurement on photons emitted by a QD. (a) Experimental setup. The quantum dot is
triggered to emit two consecutive photons with 2 ns delay. The photon stream is sent to
an unbalanced Mach-Zehnder interferometer also comprising a delay of 2 ns. Single photon
detectors are placed at the two interferometer outputs for coincidence detection. (b) Ob-
tained coincidence histogram. Several peaks are observed due to the laser repetition rate
and dierent possible optical paths for the two consecutive photons. Hong-Ou-Mandel in-
terference results in reduced coincidences at τ = 0, by which the photon indistinguishability
can be determined. Reprinted by permission from Springer Nature: [247].
source is triggered to emit two consecutive photons. These are then sent into an unbalanced
Mach-Zehnder interferometer which compensates the delay in emission time so that the
early and late photon can arrive simultaneously at the beam splitter. Coincidences after the
beam splitter are then determined by the photon arrival times at single photon detectors.
The resulting coincidence histogram in Figure 2.23b contains ve peaks which are repeated
for every repetition cycle of the laser. The ve peaks correspond to the dierent path
combinations that the early and late photons take in the interferometer. The ve central
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peaks are reduced by half because each detection event on a detector can correlate to only
one remaining photon in the same laser repetition cycle. However, it may correlate to two
photons from a dierent laser cycle. The coincidences at τ = 0 represent two photons
arriving simultaneously at the beam splitter. The indistinguishability Ishort can then be
determined by the HOM visibility
Ishort = 1−
2A3
A2 + A4
(2.120)
with the peak area Ai of the respective peaks i = 2, 3, 4. Alternatively, the visibility can be
obtained by measuring the coincidences for dierent choices of polarization states present
at the beam splitter input (see section 2.6). Strictly speaking, the HOM visibility gives a
lower limit to the photon indistinguishability due to imperfect experimental conditions such
as an unbalanced splitting ratio of the beam splitter and imperfect spatial mode overlap.
However, if these parameters are known, the visibility can be corrected (see e.g. [248]).
It is important to note that photons emitted by a quantum light source can exhibit sig-
nicantly dierent Ilong and Ishort. Both values require statistical measurements of many
photons. For Ilong, the coherence times T2 are usually determined with a Michelson inter-
ferometer. Photon rates at dierent interferometer delays need to be measured, resulting in
measurement times in the order of minutes. Dephasing processes on timescales up to the
measurement time therefore contribute to the obtained T2. The situation is quite dierent
for Ishort: Though obtaining the coincidence histogram may require a similar amount of
time, all photons used for HOM interference were emitted by the source with a small (usu-
ally nanoseconds) time delay. Therefore, only dephasing processes at timescales up to the
emission delay would strongly degrade Ishort, whereas slower dephasing processes contribute
much less to that.
In interference experiments with several emitters, Ishort loses importance. The following
example illustrates this: One can imagine a quantum emitter comprising a very slow (order
of milliseconds) spectral diusion process, so that Ishort ≈ 1 can still be observed. However,
HOM interference of photons emitted by two of such sources can result in visibilities close
to zero. This can be attributed to the low Ilong, since the spectral diusion would lower the
T2 determined in a Michelson interferometer with measurement times longer than than this
dephasing process.
2.8 Characterization of Polarization-Entanglement
Studying whether a quantum state of photons is polarization-entangled is based on projec-
tion and subsequent single-photon detection. A single projection measurement on a photon
results in the collapse of its wave function. Therefore, measurements on presumably identi-
cal photon ensembles have to be performed in a series of measurements in dierent bases by
which the complete photonic quantum state can be characterized. This so-called quantum
state tomography [249] is performed to reconstruct the density matrix ρ̂ of the photon state.
For the example of a photon pair source this is illustrated in Figure 2.24a. Projection on
the desired polarization state is achieved by guiding each photon to a quarter-wave plate,
half-wave plate and linear polarizer, subsequently. Any desired polarization on the Poincaré
sphere can be reached by tuning the waveplate angles. Coincidences are then detected using
single-photon detectors, determining the degree of correlation in the respective measurement
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bases. In this conguration, a n-qubit state is fully characterized by n detectors with at
least 4n measurements, i.e. 16 measurements for a two-qubit system. Alternatively, the
polarizer can be replaced with a polarizing beam splitter and two subsequent single-photon
detectors, allowing for simultaneous measurements in mutually orthogonal bases at each
projection arm. Coincidences in four dierent base combinations can therefore be measured
in a single measurement. Characterizing a n-qubit system with 2n detectors requires only
3n measurements. This facilitates the characterization of systems with many qubits (two
qubits: 9 vs. 16 measurements, four qubits: 81 vs. 256).
The density matrix is then constructed using
ρ̂ =
∑16
ν=1 M̂νnν∑4
ν=1 nν
(2.121)
with the measured coincidence counts nν ∼ 〈Ψν |ρ̂|Ψν〉 for the complete set of tomographic
states {Ψν=1...16}, as laid out in detail in ref. [250] (e.g. ν = 1 can correspond to a projection
of photon 1 and 2 on |H〉1 |H〉2; for ν = 2: |H〉1 |V 〉2, etc.). The sixteen 4x4 matrices M̂ν
are dened as
M̂ν =
16∑
ν=1
(B−1)ν,µΓ̂µ (2.122)
with
Bν,µ = 〈Ψν |Γ̂µ|Ψν〉 (2.123)
The set of linearly independent 4x4 matrixes {Γ̂µ} must fulll the following conditions:
Tr(Γ̂νΓ̂µ) = δν,µ (2.124)
Â =
16∑
ν=1
Γ̂ν Tr(Γ̂νÂ) ∀ Â (2.125)
with the arbitrary 4x4 matrix Â. Generators of the Lie algebra SU(2)⊗ SU(2), which are
a relabeling of the Pauli matrices σ̂i ⊗ σ̂j (i, j = 0...3), fulll these requirements [250].
Due to systematic and statistical measurement uncertainties, the constructed density matrix
may not yet full the requirements for a density matrix. Though by construction, ρ̂ is
Hermitian (ρ̂† = ρ̂) and normalized (Tr(ρ̂) = 1), it can violate the requirement of positive
semideniteness:
〈ψ|ρ̂|ψ〉 ≥ 0 ∀ |ψ〉 (2.126)
and
0 ≤ Tr(ρ̂2) ≤ 1 (2.127)
To circumvent this, the maximum likelihood method is used [250]. Here, a likelihood func-
tion is numerically minimized in order to obtain the correct density matrix which is closest
to the measured one. An example of a density matrix (here the ideal Bell state |Φ+〉) is
shown in Figure 2.24b and c.
Once the density matrix has been determined, several parameters are derived to describe
the quantum state:
The linear entropy SL of a state ρ̂ is given by [251]
SL =
N
N − 1
(
1− Tr(ρ̂2)
)
(2.128)
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Figure 2.24: (a) Polarization-dependent cross-correlation setup for quantum tomography
measurements on two-photon states. The rst and second photons are each projected on
a well-dened polarization base determined by a quanter-wave plate (QWP), half-wave
plate (HWP) and a linear polarizer (Pol). Single photon counting modules (SPCMs) and a
coincidence counter are used to determine the cross-correlation of the two photons. A set
of measurements in dierent polarization bases are then used as starting point to construct
the two-photon density matrix. (b) Real part Re(ρ) and (c) imaginary part Im(ρ) of the
density matrix for a two-photon polarization-entangled Bell state |Φ+〉 = |HH〉+ |V V 〉.
with the dimension of the Hilbert space N on which ρ̂ is dened. It quanties how much
the state is mixed: For pure states, SL = 0, and for a perfect statistical mixture SL = 1. It
is based on the Purity P (ρ̂) = Tr(ρ̂2).
An alternative entropy measure is the von Neumann entropy SN which is dened as
SN ≡ −Tr(ρ̂ ln(ρ̂)) (2.129)
The delity determines the overlap between two states ρ̂1 and ρ̂2:
F =
(
Tr
√√
ρ̂1ρ̂2
√
ρ̂1
)2
(2.130)
The concurrence C is dened for a two-qubit state as
C = max [0,
√
r1 −
√
r2 −
√
r3 −
√
r4] (2.131)
with the sorted eigenvalues r1 ≥ r2 ≥ r3 ≥ r4 of the non-Hermitian operator R̂:
R̂ = ρ̂Σ̂ρ̂T Σ̂ (2.132)
Here, ρ̂T denotes the transposed density matrix, and Σ̂ the matrix
Σ̂ = σ2 ⊗ σ2 =

0 0 0 −1
0 0 1 0
0 1 0 0
−1 0 0 0
 (2.133)
with the Pauli matrix σ2
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The tangle T can then be derived by
T = C2 (2.134)
Both tangle and concurrence range from 0 (separable states) to 1 (maximally entangled
states) and are a measure of the quantum coherence of a state.
2.9 Entanglement swapping
Entanglement swapping is a special case of quantum teleportation [14, 252], i.e. the exchange
of quantum information between two communicating parties (Alice and Bob) that share an
entangled state and are connected via a classical communication channel. Considering the
polarization degree of freedom of photons as an example, Alice may plan to transmit the
(normalized) state
|ψ〉T = α |H〉+ β |V 〉 (2.135)
with the complex coecients α and β, using the entangled state |Φ+〉AB = 1/
√
2(|H〉A |V 〉B+
|H〉A |V 〉B) she shares with Bob. The three-qubit state is then determined as the product
state
|Φ+〉23 ⊗ |ψ〉T =
1
2
( |Φ+〉AT ⊗ (α |H〉B + β |V 〉B) (2.136)
+ |Φ−〉AT ⊗ (α |H〉B − β |V 〉B) (2.137)
+ |Ψ+〉AT ⊗ (β |H〉B + α |V 〉B) (2.138)
+ |Ψ−〉AT ⊗ (β |H〉B − α |V 〉B) (2.139)
rewritten in the Bell basis of the photons A and T . A joint Bell state measurement is
performed on the qubit to be teleported and Alice`s qubit of the entangled pair. Projection
in the complete Bell measurement basis results in the random detection of one out of four
possible Bell states of photons A and T. The result is sent to Bob using two classical bits.
Bob then performs a unitary operation on his photon from the originally entangled pair,
and therefore obtains the qubit that Alice wanted to send.
Mixed states such as the subsystem of an entangled pair can also be teleported, which is
called entanglement swapping [14, 15] and has been rst experimentally demonstrated in
1998 by Pan et al.. As illustrated in Figure 2.25a, SPDC in nonlinear crystals has been used
to generate two photons (labelled as 1 and 2) in the state |Ψ−〉 = 1/√2 (|H〉1 |V 〉2−|V 〉1 |H〉2).
A ultraviolet laser pulse passes the crystal twice and therefore creates two pairs of entangled
photons. The four-photon state is then given by the product of the individual Bell states:
|ψ〉1234 =
1
2
(|H〉1 |V 〉2 − |V 〉1 |H〉2)⊗ (|H〉3 |V 〉4 − |V 〉3 |H〉4) (2.140)
This state can be rewritten in the basis of two-photon Bell states of photons 2 and 3 and
accordingly photons 1 and 4:
|ψ〉1234 =
1
2
(|Ψ+〉14 |Ψ
+〉23 − |Ψ
−〉14 |Ψ
−〉23 − |Φ
+〉14 |Φ
+〉23 + |Φ
−〉14 |Φ
−〉23) (2.141)
A projection of photons 2 and 3 on a Bell state will therefore leave photons 1 and 4 in a
Bell state also. In the described experiment, the Bell state measurement was performed
by interfering photons 2 and 3 on a balanced, non-polarizing beam splitter and subsequent
coincidence detection. This projected the photons on |Ψ−〉23, leaving the remaining photons
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Figure 2.25: First experimental realization of entanglement swapping, using a source of
polarization-entangled photons based on parametric down-conversion. (a) Experimental
setup. The entangled-photon source (EPR source) is consecutively excited using a UV
laser pulse. The initial entanglement between photons 1 and 2 (3 and 4) is swapped to
photons 1 and 4 by performing a Bell state measurement on photons 2 and 3. (b) Four-
fold coincidences as a function of the polarization angle of photon 4, while analyzing the
polarization of photon 1 in the diagonal bases (D−1 or D
+
1 ). The obtained visibility of 0.65 is
a clear signature of entanglement swapping. Reprinted with permission from [16]. Copyright
(1998) by the American Physical Society.
1 and 4 in the Bell state |Ψ−〉14. This process is called entanglement swapping, since the
initial entanglement between photons 1 and 2 (3 and 4) is swapped to the photons 1 and
4, which have never interacted before. This was veried by projecting photons 1 and 4 on
dierent combinations of |D〉 and |A〉 (denoted in Figure 2.25 as D+ and D−) and measuring
four-fold coincidences. In Figure 2.25b the four-fold coincidences are plotted as a function
of the polarizer angle used for the projection of photon 4. The observed visibility of 0.65 lies
above the classical limit of 0.5 and therefore conrms a successful swapping of polarization-
entanglement to photons 1 and 4.
Many realizations of entanglement swapping followed this experiment. With optimized
sources of polarization entangled photons [253, 254], high entanglement delities and pho-
ton indistinguishabilities have been achieved at telecom wavelengths, and entanglement
swapping with visibilities close to unity [255] has been achieved. However, so far entan-
glement swapping has not been demonstrated with scalable sources which are capable of
on-demand emission of polarization-entangled photons. This is a central requirement for
quantum information applications such as a quantum repeater (see subsection 2.1.2).
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3 EXPERIMENTAL METHODS
The utilized samples as well as the experimental setups and methods are high-
lighted in this chapter. After focusing on the epitaxial growth of semiconductor
quantum dots, the processing into strain tunable devices is explained. Measur-
ing the quality of the emitted photons, such as the single-photon purity or
entanglement delity, requires various optical setups that are outlined here.
Moreover, the data analysis methods are illustrated,such as the determination
of four-fold coincidences in the entanglement swapping experiment.
3.1 Materials and samples
Quantum optical experiments such as HOM interference or entanglement swapping rely on
sources of high-quality photons and therefore requiring excellent samples. The sources of
single photons and entangled photon pairs utilized in this work are semiconductor QDs. In
the following, the sample growth process and sample structures are described. After that,
the fabrication of strain-tunable QD samples is discussed.
3.1.1 Epitaxial quantum dots
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Figure 3.1: Growth of epitaxial QDs. (a) Photograph of the molecular beam epitaxy ma-
chine at IFW Dresden. (b) Sketches of dierent QD types. Left: InAs/GaAs QDs obtained
by Stranski-Krastanov growth with partial capping and annealing. Right: GaAs/AlGaAs
QDs based on in-situ droplet etching and nanohole inlling.
The QDs were grown using a solid-source molecular beam epitaxy machine, as shown in
Figure 3.1a. The III-V semiconductors are epitaxially grown on a GaAs (001) substrate
that has been deoxidized and overgrown with a GaAs buer layer. An additional layer
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of AlAs or AlxGa1−xAs is grown as a sacricial layer in order to obtain nanomembranes
by wet chamical etching. The two types of epitaxial QDs used in this work are shown in
Figure 3.1b. InAs QDs conned by GaAs are obtained by Stranski-Krastanov growth [256]:
Self assembled, strain-releasing islands of InAs will form on a GaAs surface due to the
lattice constant mismatch of these two materials. These islands are then partially capped
and annealed [257, 258]. The second material type are GaAs/AlGaAs QDS: Here, the
three-dimensional electronic connement is ensured by in-situ Al or Ga droplet etching of
nanoholes on an AlGaAs surface, nanohole inlling with GaAs and subsequent capping with
AlGaAs [259].
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Figure 3.2: Structures of the epitaxial QD samples used in this work. Sample A contains
the entangled photon sources used in this work, samples B and C are used for in-situ laser
annealing and sample D for the frequency feedback experiment.
The sample structures are displayed in Figure 3.2. Sample A is utilized for generating
highly-entangled photons and performing entanglement swapping (chapter 4 and chapter 6).
Frequency feedback has been realized using sample B (chapter 5). Both sample A and B
are GaAs/AlGaAs QDs based on Al droplet etching on an AlGaAs surface, and have been
grown and tailored for the experiments by Robert Keil. Sample C and D are used for in-
situ laser annealing (section 4.5), and were grown by Eugenio Zallo. Sample C contains
GaAs/AlGaAs QDs, for which the nanoholes were obtained by Ga droplet etching on a
99 nm thick GaAs layer. Sample D consists of self-assembled InAs/GaAs QDs that were
partially capped and annealed.
3.1.2 Strain-tunable quantum dot devices
Wavelength tunability of the QD emission is achieved by processing the described sam-
ples into nanomembranes and attaching them to a piezoelectric actuator. In this work
the ferroelectric crystal [Pb(Mg1/3Nb2/3)O3]0.67 − [PbTiO3]0.33 (PMN-PT) is used, featur-
ing high piezoelectric coecients compared to more common piezoelectrics such as PZT
(Pb[ZrxTi1−x]O3 with 0 ≤ x ≤ 1). By applying an electric eld, strain is generated in the
material, as highlighted in Figure 3.3. A hysteresis is observed when sweeping the electric
elds in dierent directions, due to the polarization reversal at the coercive eld.
QD containing nanomembranes are obtaines by photolithography and wet chemical etching.
In the frist step, rectangular or circular structures with sizes of approximately 100µm are
dened. Then, a few nm of Cr or Ti are deposited, followed by 100 nm Au. After the lift-o
of the photoresist, the sample is rst etched with a 1:8:200 solution of H2SO4, H2O2 and H2O.
Eventually, the membranes are underetched with a HF:H2O solution (25% volume). The
membranes are then transferred to the polished and Au-coated piezoelectric substrate with a
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Figure 3.3: In-plane strain of PMN-PT at room temperature as a function of the applied
electric eld F . A hysteresis is observed due to the poling process of the piezoelectric
material. Reprinted with permission from [260] ©The Optical Society.
thickness of 300µm, as shown in Figure 3.4b. Then, Either gold thermocompression bonding
is used (with T = 300 ◦C), or the membranes are attached to PMN-PT using an adhesive
Poly(methyl methacrylate) (PMMA) layer that is spin-coated on the piezo beforehand. A
sketch of the nal sample as loaded in the cryostat is displayed in Figure 3.4a. The piezo
is placed on a copper base using conductive silver. Copper wires are then used to contact
the copper base and the top of the piezo to allow for the application of a voltage. A glass
(S-LAH79) solid immersion lens is placed on top of the sample, which results in an enhanced
photon collection eciency.
Two dierent orientations of the PMN-PT crystal are used, resulting in two possible poling
directions. Using the longitudinal extension mode (<001> poling, d33 ≈ 2000 ... 3500pC/N) [261,
262] results in an eective biaxial in-plane strain in the QD nanomembranes. With the trans-
verse extension mode (<011> poling, d31 ≈ −1200 ... − 2600pC/N) [261, 262], uniaxial
strain can be applied. Emission wavelength tuning can be observed with both modes. The
transverse mode additionally changes the symmetry of the connement potential, enabling
e.g. the tuning of the exciton ne structure splitting [263]. Since the coercive eld increases
signicantly with decreasing temperature [264], the piezoceramics are poled by applying a
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Figure 3.4: Device for strain tuning of quantum dot nanomembranes. (a) Device sketch.
Electric eld is applied to the piezoelectric PMN-PT by applying a voltage to the gold-
coated surface. The resulting strain is transferred to the quantum dot nanomembranes via
an adhesive layer. A glass solid immersion lens (SIL) on top improves the collection eciency
of the emitted photons. (b) Photograph of quantum dot nanomembranes transferred on
PMN-PT via gold thermocompression bonding.
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voltage of V = 200V before and during the cool-down process.
3.2 Methods
After the sample is prepared, several key properties have to be characterized before diving
into more complex quantum optical experiments. The photoluminescence of various QDs
has to be studied in order to obtain a suitable emission. Crucial for the success of further
quantum optical experiments is the knowledge of parameters such as:
 identication of excitonic emission lines
 emission wavelength λ
 ne structure splitting S
 tuning range for λ or S
 brightness / extraction eciency η
 uorescence lifetime T1
 linewidth ∆ν / coherence time T2
 single photon purity g(2)(τ = 0)
 photon indistinguishability I
 entanglement delity F
How these parameters are determined is described in the following sections. Required optical
setups are introduced and speedy data analysis is implemented, since many of the listed
parameters are measured various times and on several QDs. After that, experimental details
regarding the optical setups required for measuring the frequency feedback performance and
realizing entanglement swapping are introduced.
3.2.1 Micro-photoluminescence spectroscopy
The rst step to nding a suitable QD emission is to perform micro-photoluminescence
spectroscopy, as illustrated in Figure 3.5. Excitation laser light which can excite the semi-
conductor matrix around the QDs is guided to an electrically controllable attenuation setup
to adjust the laser power. A dichroic beam splitter then redirects the light towards an ob-
jective which focuses it on the sample which is cooled to T = 4K using a He cryostat. The
red-detuned uorescent light from the sample is collimated by the objective and transmitted
by the beam splitter. Optical lters (long pass or band pass lters) are used to block the
scattered excitation laser light. Polarization-dependent measurements of the signal can be
performed using a removable, electrically controllable polarization analyzer, consisting of a
rotating half-wave plate and a linear polarizer. The light is then guided towards a spec-
trometer, in which it is dispersed and detected by a Si CCD in order to obtain a spectrum.
High-resolution spectra with resolvable linewiths down to 4GHz are obtained with a dou-
ble spectrometer, combining two 750mm long spectrographs each containing a diraction
grating with a line density 1800 mm−1.
This setup has the advantage that only a micrometer-sized area on the sample is addressed.
Therefore it is easily possible to adress single QDs. Since the sample position can be precisely
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Figure 3.5: Sketch of the experimental setup to measure the spectrally resolved micro-
photoluminescence from an optically excited QD sample. Excitation laser light is guided to
an attenuation setup to precisely control the laser power. Then it is reected by a beam
splitter and focussed by an objective on the sample. The sample is placed in a He cryostat
and cooled down to T = 4K. The sample is moved by translation stages in order to select
the desired QD. The QD uorescence is collimated by the objective and transmitted by the
beam splitter. Excitation laser light is removed by optical lters. The signal can then be
guided to a polarization analyzer before it is sent to a spectrometer with a CCD.
tuned via linear stages or piezo actuators, the sample can be scanned for a suitable emission.
Using the attenuation setup or polarization analyzer, power- and polarization dependent
emission spectra are obtained in an automated process. From these measurements, desired
excitonic lines can be identied and the exciton ne structure splitting determined. The
tuning range of the emission wavelength (ne structure splitting) is determined by applying
dierent voltages to the strain-tunable samples and then acquiring (polarization-resolved)
spectra.
Dierent excitation lasers are available for various measurement purposes: either a con-
tinuous wave (cw), frequency doubled Nd:YAG laser emitting at 532nm, or a Ti:sapphire
laser with 76MHz repitition rate and 3 ps pulse duration, oering spectral tunability from
700nm to 1000nm. The initial sample characterization is performed with the cw laser, and
the further characterization in terms of single-photon purity, uorescence lifetime etc. with
the pulsed laser. The sample brightness (extraction eciencies) are determined by mea-
suring the single-photon count rate on single photon detectors with known eciency and
correcting for the losses in the optical setup.
3.2.2 Second-order intensity autocorrelation
The single-photon purity is determined from second-order intensity autocorrelation mea-
surements using a Hanbury-Brown and Twiss setup as described in subsection 2.7.2. The
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second-order correlation function g(2)(τ) and single-photon purity are extracted from the
obtained coincidence histogram I(τ). Using the rates Ri of the single photon detectors
i = 1, 2, the gate width (or histogram bin width) ∆τ and the total measurement time T ,
the two-fold coincidences N2 can be estimated as follows [265]:
N2 = 2R1R2 ∆τ T (3.1)
The uncertainty of the obtained coincidences is commonly given by ∆N2 =
√
N2, if the
coincidences can be considered as rare events such that a Poissonian distribution can be
assumed.
The presence of background detection events, e.g. due to detector dark counts, will result
in a number of coincidences N2,bg which are not attributed to the signal and may therefore
be subtracted from the measured coincidences N2. Considering a dark count rate Di on
detectors i = 1, 2 one obtains the background coincidences
N2,bg = 2Tτ(D1D2 +R1D2 +D1R2) (3.2)
The dierent terms arise due to possible events involving coincidences of two dark count
events, or one dark count and a signal event.
In order to extract the single photon purity, the coincidence histogram is normalized such
that g(2)(|τ | >> 0) = 1. In theory, g(2)(τ = 0) is then determined by the coincidences at
exactly τ = 0. However, for a bin ∆τ = 0 the probability of coincidence events at τ = 0 also
goes to zero. Moreover, it is experimentally impossible to truly achieve ∆τ = 0 due to the
nite time resolution of the photon detectors and counting electronics. Therefore the single
photon purity needs to be extracted from a coincidence histogram with nite bin width ∆τ .
For a continuous stream of photons, the single photon purity is determined by the dip in
coincidences at g(2)(τ = 0). However, this dip is smoothened because of the nite time
resolution (≈ 50ps with SNSPDs, ≈ 350ps with APDs) of the detection system. Therefore,
the single photon purity can be most accurately obtained by tting the following equation
to the coincidence histogram:
I = I0 ·
[
1− (1− g(2)(0)) · exp
(
−|τ |
T1
)]
∗ Tirf , (3.3)
with the single photon purity g(2)(0). Here, the second-order correlation function in case
of ideal time resolution is convoluted with the system response function Tirf . The latter
is determined from a uorescence lifetime histogram obtained from pulsed laser light with
pulse durations well below the detector time resolution.
Under pulsed excitation, the g(2)(0,∆τ) is the ratio of coincidences detected at zero delay
and at dierent delay times with a bin width ∆τ :
g(2)(0,∆τ) =
I(τ = 0,∆τ) k∑k
n=1 I(τ = n/Rrep,∆τ)
(3.4)
Here, k is the number of neighboring peaks that are taken into account for the normalization,
and Rrep is the repetition rate of the excitation laser. In order to keep the uncertainty
originating from the normalization small, a sucient number of neighboring peaks have
to be used. The bin width ∆τ is best chosen as small as possible to avoid background
coincidences, and as wide as necessary such that the vast majority of signal coincidences are
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within that time window. An alternative approach is to t the following equation to the
data:
I = I0
[
k∑
n=1
f(τ, τ0 = n/Rrep) + g
(2)(0)f(τ, τ0 = 0)
]
(3.5)
This denotes a sum of several peaks f(τ, τ0) at dierent center delay times τ0. The integer
value k is the number of neighboring peaks taken into account. The value for g(2)(0) is then
extracted from the regression analysis. Functions f(τ, τ0) have to be chosen which represent
the data in the most accurate way, taking into account the underlying physics. One example
is a double-sided exponential convoluted with the system response function.
3.2.3 Fluorescence lifetime measurements
The uorescence lifetime T1 of excited states in QDs is best determined using resonant
excitation. In that case, the uorescence lifetime histogram is tted by
I = I0 ·
[
exp
(
− τ
T1
)
·H(τ)
]
∗ Tirf + Ibg (3.6)
with the lifetime T1, the Heaviside function H(t) and the background intensity Ibg.
Under o-resonant excitation, higher excited states or bands in the host semiconductor are
pumped. This results in a non-radiative decay rate due to carrier relaxation processes [266]
in the host crystal, and the presence of a phonon bottleneck in QDs [267]. Also, photons from
dierent decay channels then the selected one can inuence the result: E.g. in measurements
of the X transition, additional time jitter can occur due to the possibility to pump the XX,
which only decays to the X state after its respective lifetime. It has to be also taken
into account that at higher laser powers, the QD can be pumped more than once per
excitation pulse, due to the high density of excited charge carriers in the host material. In
many cases, o-resonant excitation has proven sucient for lifetime measurements, since
in InAs/AlGaAs QDs the lifetimes at cryogenic temperatures are usually in the order of
nanoseconds [248], well above the system response and the carrier relaxation times. However,
the radiative lifetimes in GaAs/AlGaAs QDs are usually in the order of a few hundred
picoseconds [268], where carrier relaxation and alternative decay paths play a bigger role.
A special case are lifetime measurements on photons stemming from cascade processes such
as the XX-X cascade. In that case, one can describe the decay from the XX with the
Einstein rate equations, considering two consecutive decays [160]. The XX decay can be
modelled with Equation 3.6. However, since the X state is only populated as the XX decays,
a dierent histogram is obtained. The data can then be tted by
IX(τ) =
[
T1,X
T1,X − T1,XX
(
e
− τ
T1,X − e−
τ
T1,XX
)]
∗ Tirf + Ibg (3.7)
with T1,XX and T1,X denoting the lifetimes of the XX and X state, respectively.
The extracted lifetimes may not always represent the actual radiative lifetimes of the exam-
ined state. Non-radiative processes can signicantly shorten the observed decay. Alternative
characterization measurements (e.g. determining the entanglement delity between XX and
X photons) can be performed to conrm that the observed decay is purely radiative. In
some cases, long-lived dark states can contribute to the lifetime measurement and are visible
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as an additional decay. This can be well tted and the lifetime of this state extracted by
adding a second exponential function with the respective decay time to Equation 3.6 [213].
3.2.4 Coherence time measurements
The coherence times T2 of photons are determined via Fourier transform spectroscopy using
a Michelson interferometer and a spectrometer at the output, as described in section 2.7.
A detailed description of how to build and align the interferometer and how to extract
coherence times from the data can be found in [43]. The interferometer used in this work
consists of one tunable arm. At several points with larger spacing (≈mm) in the interfer-
ometer delay, the arm length is ne tuned in order to precisely determine the visibility of
the interference fringes. For each data point one spectrum is obtained. Thereby, afterwards
one can choose the spectral feature from which to extract the rst-order coherence.
The interference fringes are tted using the function
I(τ) = I0 ( 1 + V cos (ωτ + φ) ) . (3.8)
from which the visibility V is extracted. The average intensity is denoted by I0, the emission
frequency is ω and φ an arbitrary phase.
Determining the visibility for each point of the interferometer delay allows for the construc-
tion of the rst-order coherence envelope. Depending on the exact line shape of the analyzed
spectral feature, i.e. the underlying broadening mechanisms, the data can then be tted by
the following equations:
The visibility based on a single Lorentzian line is
VL(τ) = exp
(
−|τ |
T2
)
, (3.9)
and for a Gaussian line
VG(τ) = exp
(
−π
2
τ 2
T 22
)
. (3.10)
In the case that both broadening mechanisms occur simultaneously, the visibility is derived
by [244]:
VLG(τ) = exp (−γ|τ |) exp
(
−1
2
σ2τ 2
)
. (3.11)
with the decay rate γ and the variance of the Gaussian distribution σ2.
In some cases, QD emissions exhibit two overlapping lines which cannot be fully resolved
by the spectrometer. An example of that are the bright X transitions split by a small FSS.
As a result, beating eects can be observed in the rst-order coherence envelope. Assuming
that the two emission lines Fα(ω1) and Fα(ω2) are characterized by the same line shape and
-width, the rst-order coherence can be determined by Fourier transform:
g(1)(τ) ∼ F{C1 Fα(ω1) + C2 Fα(ω2)} , (3.12)
with the dierent types of broadening α = L,G,LG and the normalization condition for
the weighting factors
C1 + C2 = 1 . (3.13)
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Due to the linearity of the Fourier transform, the g(1)(τ) is obtained as a weighted sum of
the rst order coherence functions of the single Lorentzian lines:
g
(1)
2α (τ) = C1 g
(1)
α (τ, ω1) + C2 g
(1)
α (τ, ω2) . (3.14)
The visibility can now be determined by using V (τ) = |g(1)(τ)|. Here, the rapidly oscillating
terms are not vanishing completely, since g(1)(τ) contains a sum of oscillations with dierent
frequencies. The visibility V2α(τ) can then be written as
V2α(τ) = |g(1)2α (τ)| = Vα(τ)
√
C21 + C
2
2 + 2C1C2 cos
(
∆E
~
τ
)
. (3.15)
with the energy splitting of the two emissions ∆E = ~ω2 − ~ω1. The beating eects with a
frequency ω = ∆E/~ will be observed in the visibility, provided that the coherence time T2
is long enough and the energy splitting ∆E large enough.
Due to deciency in the interferometer such as imperfect spatial mode matching or beam
splitting ratio, it is impossible to obtain unity visibility at zero delay (τ = 0). Therefore
a background intensity I(d) is observed in the interference fringes, decreasing the measured
visibility V (d)(τ)
V (d)(τ) =
Imax(τ)− Imin(τ)
Imax(τ) + Imin(τ) + 2I(d)
. (3.16)
with V denoting the ideal visibility and Imax and Imin being the maximum and minimum
fringe intensity, respectively. Now, the fraction of I(d) and the average fringe intensity is
determined:
fd =
2 I(d)
Imax + Imin
. (3.17)
Assuming that fd is independent from the interferometer delay τ , Equation 3.16 can be
rewritten as
V (d)(τ) = V (τ)/[1 + fd] , (3.18)
which is used as a t function for the obtained data points. The model for the ideal visibility
V (τ) is chosen according to the present broadening mechanisms and spectral features.
3.2.5 Quantum tomography
Quantum state tomography (see section 2.8) is performed in order to obtain the density
matrix of two-photon states and extract measures of entanglement, e.g. the delity to a
maximally entangled Bell state. The two-photon streams, e.g. the XX and X photons
emitted by a QD, are separated by a dichroic lter or a non-polarizing beam splitter and
further spectral ltering. The polarization of each individual photon stream is then projected
on a desired basis, as determined by a rotatable quarter-wave plate (QWP) and half-wave
plate (HWP), and a xed linear polarizer. Subsequent single photon detectors are connected
to a coincidence counter for obtaining a coincidence histogram. The 16 measurement bases
were chosen according to ref. [250] and are shown in Table 3.1. Quantum tomography on
the nal states in the entanglement swapping experiment (chapter 6) is performed in the
same manner. The only dierence in that case is that the coincidences at the two detectors
have to be linked to a successful BSM rst. Therefore, four-fold coincidences are used to
reconstruct the density matrix instead of the usual two-photon coincidences.
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Table 3.1: Measurement bases and respective QWP and HWP angles for quantum tomog-
raphy measurements [250]
Setting 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Base 1 |H〉 |H〉 |V 〉 |V 〉 |R〉 |R〉 |D〉 |D〉 |D〉 |D〉 |R〉 |H〉 |V 〉 |V 〉 |H〉 |R〉
Base 2 |H〉 |V 〉 |V 〉 |H〉 |H〉 |V 〉 |V 〉 |H〉 |R〉 |D〉 |D〉 |D〉 |D〉 |L〉 |L〉 |L〉
HWP 1 [◦] 45 45 0 0 22.5 22.5 22.5 22.5 22.5 22.5 22.5 45 0 0 45 22.5
QWP 1 [◦] 0 0 0 0 0 0 45 45 45 45 0 0 0 0 0 0
HWP 2 [◦] 45 0 0 45 0 0 45 22.5 22.5 22.5 22.5 22.5 22.5 22.5 22.5 22.5
QWP 2 [◦] 0 0 0 0 0 0 0 0 0 45 45 45 45 90 90 90
The reconstruction of a (physically meaningful) density matrix using the maximum likeli-
hood method is performed with a modied version of the real-time tomography interface pro-
vided by the quantum information group of Prof. Paul G. Kwiat [269]. The uncertainties for
the determined entanglement measures are determined using bootstrapping methods [270].
3.2.6 Data Analysis
A large set of parameters (FSS, T1, T2, g(2)(0), etc.) has to be obtained for various QDs
in order to characterize the emission and to judge whether it is suitable for experiments
such as entanglement swapping. Since most of that data has to be analyzed frequently
Figure 3.6: Screenshot of the python based "Toolbox for Experimental Quantum Optics"
(TEQO), developed to speed up the analysis of obtained measurement data. TEQO com-
prises >5000 lines of code and allows for the automatic evaluation of e.g. FSS, g(2)(0), T1,
T2, I etc.
(for dierent QDs), a python-based toolbox named "Toolbox for Experimental Quantum
Optics" (TEQO) has been developed. Figure 3.6 shows a screenshot of the graphical user
interface, into which the data from the measurement devices can be loaded without any
need for data conversion. Many implemented analysis routines rely on curve tting of
large data sets such as spectral arrays. A variety of t functions is included and the t
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parameters and respective uncertainties are determined by least squares regression. An
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Figure 3.7: Spectral arrays showing changes in the quantum dot emission depending on
changing physical properties, plotted as a 2D image. (a) Polarization dependent emission
spectra. As the polarization angle Θ is varied, spectral features with dierent polarization
can be distinguished. Close to 781nm the two bright, linearly polarized exciton transitions
are observed, which are split by the ne structure. (b) Strain dependent emission spectra.
As the piezo voltage is swept from 0V to −600V and back, the quantum dot emission is
red.shifting (and then blue-shifting again) over several nanometers.
example of the analyzable measurement data is displayed in Figure 3.7 and consists of 2D
color plots as output by TEQO. Figure 3.7a represents the spectral intensity in dependence
of the polarization angle of the emitted light. The oscillations of the two bright exciton
transitions (close to λ = 780nm.0 nm) are visible due to the FSS, which is obtained by tting
all spectra with a Gaussian or Lorentzian lineshape function and analyzing the respective
central wavelengths. In Figure 3.7b, a set of spectra is shown in dependence of the voltage
applied to a piezo-actuator carrying a QD nano-membrane. The spectral shift per applied
voltage is then determined in order to test whether the QD emission can be tuned into
resonance with e.g. another QD emission or with rubidium transitions.
3.2.7 Rubidium vapor cell
In order to obtain precise out-of-loop measurements of the emission frequency for a frequency-
stabilized QD (chapter 5), a stable frequency reference is required. Here, the transmission
of a 87Rb vapor cell with a length of 75mm is used. The cell is heated in order to broaden
the atomic transitions to a value close to the QD linewidth, which results in an improved
slope in intensity over frequency detuning. Additionally, the cell temperature is stabilized
throughout the measurement so that intensity changes can be purely attributed to changes
in the QD emission. The heated vapor cell is also used to slow down single photons from
a QD, as described insection 5.8. By changing the temperature set point, the delay of the
photons can be precisely adjusted.
The homebuilt heating for the 87Rb vapor cell is shown in Figure 3.8. Type K thermocouples
allow for monitoring the temperature at the cell windows and cell center, so that overheating
can be avoided. Mineral wool is used to isolate the heated cell from the environment. A
heating wire is coiled around the cell. To avoid rubidium condensation at the cell windows,
the density of heating wire windings is increased there to ensure a higher temperature
compared to the cell center. At the cell center, a silicon diode thermocouple is placed in
close contact to the vapor cell wall. Four-terminal sensing is employed to precisely measure
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Figure 3.8: A heatable 87Rb vapor cell used as a frequency reference of QD emission at the
Rb D1 or D2 transitions. Based on four-terminal sensing with a silicon diode thermocouple
in the cell center, a PID controller sets the heating wire current. The cell temperature can
be stabilized with an accuracy of better than 0.01K. Type K thermocouples are placed at
the cell windows to monitor the temperature and avoid overheating.
the cell temperature, which is then driven to a temperature set point using a PID controller,
allowing for a temperature stability of < 10mK.
3.2.8 Detection of 4-fold coincidences
Sophisticated quantum optical measurements such as entanglement swapping usually require
the detection of coincidences from more than two channels (see chapter 6). In this work,
the photon arrival times on all detectors are rst stored and the four-fold coincidences
determined after measurement. Due to measurement times of several days and count rates
on each channel of ≈ 0.5MHz, several terabyte of data are recorded. It is sucient to
determine the arrival times with respect to the last excitation laser pulse instead of using
a global time reference such as the start time of the measurement. Therefore, the pulsed
excitation laser also functions as an external clock for the electronic time correlator. The
photons then arrive on each channel in dened relative time windows. This is illustrated
in Figure 3.9 with a sketch of the uorescence lifetime traces for each detector. Due to
two consecutive excitation pulses and an unbalanced Mach-Zehnder like optical setup (see
section 6.2), two or three pulses are recorded in each detector. Then, a time window is
dened for each channel for the four-fold coincidence measurement. If all detectors re
within the predened time window, one four-fold coincidence is registered. For each of
these coincidences the photon arrival times on each detector are stored to allow for post-
selection of photons. The other pulses outside the four-fold coincidence window can be used
to determine the single-photon purity g(2)(0) of the source, e.g. by creating a coincidence
histogram of photons from the rst peaks of detectors D2 and D3.
In order to understand the challenges of measuring four-fold coincidences, it is important to
see how they are estimated theoretically. Similar to the discussion on two-fold coincidences
in subsection 3.2.2 (Equation 3.1), four-fold coincidences N4 are determined by
N4 = R1R2R3R4 (∆τ)
3 T (3.19)
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Figure 3.9: Sketch of intensity traces on single photon detectors (D1 to D4) for the
entanglement swapping experiment. Photon arrival times are determined relative to the
last excitation laser pulse, resulting in the shown, well-separated peaks. If four photons
arrive at the detectors within a predened time window, one four-fold coincidence event is
registered.
with the rates Ri on the four detectors i = 1, 2, 3, 4, the measurement time T and the
time window ∆τ in which four-fold coincidences are detected. The detector count rates are
assumed low enough so that detector and correlator dead times can be neglected. When
exciting the QDs with a pulsed laser, the time window ∆τ must be set to ∆τ = 1/RL with
the laser repetition rate RL. The rates Ri then describe only photons which are detected
within the four-fold coincidence window ∆τ (see Figure 3.9).
The prediction of four-fold coincidences obtained by using Equation 3.19 is only valid for a
QD emission which does not show blinking. In case of blinking, the measured N4 can be
actually higher than the calculated one. This can be understood by assuming a measurement
time of T = 1 s in which an emitter is "o" for 0.5 s and then "on" for the remaining 0.5 s.
The four-fold coincidences are only measured within the "on" time of the QD (i.e. T = 0.5 s),
in which the Ri will be twice as high compared to the value averaged over T . This would
result in 8 times more coincidences compared to the case without blinking, assuming the
same rates Ri. However, this does not aect the quantum tomography measurements, since
the coincidences for all measurement bases simply scale by the same constant factor.
The photon arrival times are analyzed in the following way: During the measurement, all
time tags are stored on hard disks (several TB of data). The four-fold coincidences are
analyzed afterwards, and stored together with the respective photon arrival times. The exe-
cution time of the code must be smaller than the measurement time in order to ensure swift
feedback to the measurement. Next to the four-fold coincidences, the following auxiliary
quantities are determined for each detector:
 Fluorescence lifetime traces
 Detector count rates over time
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 Count rates of each pulse (specied by respective time windows) over time
Furthermore, the two-fold coincidences between each pair of pulses from dierent detectors
are extracted. Monitoring these values allows to monitor the properties of the QD emission
and are therefore a measure of trustworthiness of the obtained values for N4. The func-
tionality of the code is illustrated in Figure 3.10. The obtained data les cannot be loaded
Calculate 
four-fold
coincidences 
Determine
fluorescence
decay curves
Calculate
two-fold 
coincidences
Data processing loop with parallel data processing
Start data processing Slice data Read first data slice
Convert data Save data Plot data
Calculate
count rates
Read next 
data slice
Discard data
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Figure 3.10: Chart of the python based processing (≈ 1000 lines of code) of photon arrival
times obtained in the entanglement swapping experiment. First, the data (usually several
100GB per le) is split into smaller parts which can be easily loaded into the memory.
The processing loop starts after loading the rst data slice. Each loop iteration features
the parallel processing of several analysis tasks and the loading of the next data slice into
memory. The loop is interrupted and the corresponding data discarded in case of unexpected
drops in the count rate due to e.g failure of the pulsed laser. After the loop terminates, the
results are automatically converted, saved and plotted.
into memory at once, since they contain several 100GB of data. Therefore, the les are
divided into several slices containing photon events of equally sized time windows. After
loading the rst data slice, the processing loop starts. It is structured into separate tasks,
which are all taken up by separate processes (threads) to reduce analysis time. The data
can thus be analyzed in 80% of the measurement time for Ri = 0.5Mcps. If the count rates
drop below a selected threshold, the loop is interrupted and the corresponding data in the
measurement time window discarded. This avoids that times in which eg. the laser stopped
pulsing contribute to the four-fold coincidence measurement. After the last loop iteration
the analyzed data is converted, saved and plotted.
Due to temperature uctuations in the optical lab, the laser wavelength is slowly chang-
ing over time. Since the QD excitation wavelength is xed by a pulse shaping setup (see
section 4.1), a change of excitation power occurs, resulting in slow variations of the QD
emission intensity. However, the measurement of four-fold coincidences is very sensitive to
changes in the detector count rates (see Equation 3.19). Therefore, the coincidences need
to be normalized according to the rates on each detector. This procedure can also be ap-
plied with the presence of blinking in the QD emission. However, it must be assumed that
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the blinking timescales (on/o times) do not change throughout the measurement. The
normalized coincidences N4,norm can then be written as:
N4,norm =
N4,measured
Fnorm
(3.20)
with the measured coincidences N4,measured and the normalization factor
Fnorm =
∑M
k=0 N4,expected(Ri=1...4(tk) , tk)
N4,ideal(T )
(3.21)
Here, each data slice k = 0...M contains data with a measurement time tk, which has to
be smaller than the timescale of the count rate uctuations. N4,expected are the estimated
coincidences based on Equation 3.19, using the count rates Ri=1...4(tk) for photons within
the four-fold coincidence window and the data slice k. N4,ideal are the ideally expected
coincidences for constant count rates within the total measurement time T .
A sketch of the experimental realization of four-fold coincidence measurements with light
from a QD as in the entanglement swapping experiment is illustrated in Figure 3.11. The
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Figure 3.11: Experimental implementation of the entanglement swapping experiment with
QD photons. (a) The optical setup for QD excitation, photon collection and entanglement
swapping is mounted on top of a closed-cycle He cryostat. (b) Overview of the devices
involved in the experiment. The shaped excitation laser light is sent to the swapping setup
using single-mode bers. The QD photons are then sent to superconducting nanowire single
photon detectors, using four single-mode bers. The detector system is connected to the
time-correlated single photon counter. A lab PC controls all these devices and stores the
data, and a separate PC is used to for data analysis.
main part of the entanglement swapping setup is shown in Figure 3.11a and is mounted
on top of a closed-cylcle He cryostat. As sketched in Figure 3.11b, the excitation laser
light, which is well-prepared with regard to its spectral and temporal properties, is guided
to the swapping setup via single-mode optical ber. The photons emitted by the QD are
also coupled into single-mode bers and guided to superconducting nanowire single-photon
detectors. An electronic correlator determines the photon arrival times and transmits the
information to a PC for data storage. A separate PC is simultaneously used to analyze the
obtained data from the measurements before.
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4 DETERMINISTIC GENERATION OF
HIGHLY ENTANGLED PHOTONS
For the rst time, a large ensemble of as-grown polarization-entangled pho-
ton emitters is obtained, using an emerging family of GaAs/AlGaAs quantum
dots grown by droplet etching and nanohole inlling. Under pulsed resonant
two-photon excitation, the quantum dots emit single pairs of entangled photons
with ultra-high purity, unprecedented degree of entanglement, and ultra-narrow
wavelength distribution at rubidium transitions. The obtained entanglement
delity indicates that spin-scattering and cross-dephasing processes are negli-
gible in this material. In-situ laser annealing is presented as a way to tune
the wavelength of the entangled photons. Therefore, this material system is
an attractive candidate for the realization of a solid-state quantum repeater -
among many other key enabling quantum photonic elements. The experiments
have been performed in collaboration with Robert Keil (IFW Dresden) and are
published in Nat. Commun. [271].
Semiconductor InAs/GaAs quantum dots (QDs) grown by the Stranski-Krastanov method
are among the leading candidates for the deterministic generation of polarisation-entangled
photons utilizing the biexciton-exciton cascade [29]. However, the anisotropy in strain,
composition and shape present in these QDs reduces the QD symmetry and mixes the two
bright exciton states, resulting in two non-degenerate bright exciton states 1√
2
(| ↑⇓〉±| ↓⇑〉)
split by the ne structure splitting (FSS) [30]. The nal two-photon state has a time-varying
form |ψ〉 = 1√
2
(|HH〉+ eiT1S/~|VV〉), where T1 is the radiative lifetime of the exciton, S the
FSS and H and V horizontal and vertical linear polarisation, respectively [31]. In order to
reduce the phase shift between the two-photon components |HH〉 and |VV〉 and therefore
obtain a high degree of entanglement, the experimental strategies are to reduce S and/or
the exciton lifetime T1.
This is unfortunately no easy task. In the last decade there have been extensive eorts to
generate entangled photons with InAs/GaAs QDs. The probability of nding suitable QDs
in an as-grown sample is < 10−2 [33, 34], thus necessitating the use of post-growth tuning
techniques (such as thermal annealing, the optical Stark eect, magnetic, electric and strain
elds) to eliminate the FSS [35]. On the one hand, the fact that every single QD needs to
be independently engineered imposes a great challenge for the practical application of QD-
based devices. On the other hand, the degree of entanglement presented with InAs/GaAs
QD-based sources is generally low even at zero FSS, possibly due to strong electron-nuclear
spin hyperne interactions [36, 37]. The best result so far yields an entanglement delity
F = 0.82 and concurrence C = 0.75 [32]. Alternatively, one can reduce the exciton lifetime
T1 by using the Purcell enhancement in a cavity, or perform time gating before a signicant
phase shift T1S/~ between |HH〉 and |VV〉 takes place. The former requires a simultaneous
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Purcell enhancement of both X and XX emissions [272], which is a non-trivial task. The
latter discards a large portion of photons and reduces the source brightness signicantly.
Applying post-selection, delities up to F = 0.86 have been achieved using an InAsP QD
containing InP nanowire [165].
Based on the above-mentioned discussion, it is possible to obtain a large ensemble of QD-
based polarisation-entangled photon emitters by simultaneously incorporating a highly sym-
metric connement potential, a short radiative lifetime and a weak electron-nuclear spin
hyperne interaction. The rst attempt was reported by Juska et al. [33], where arrays of
symmetric In0.25Ga0.75As1−δNδ were grown on the GaAs (111)B surface. They were able to
obtain areas with an impressive 15% of entangled photon emitters with delities F in the
range of 0.5 up to 0.72. Although the FSS is consistently below 4 µeV for these novel QDs,
the exciton lifetime is quite long (1.8± 0.6 ns). Nevertheless, the violation of Bell's inequal-
ity was recently shown in electrically injected pyramidal QDs [273]. Kuroda et al. [274]
demonstrated the generation of entangled photons (with delity up to F = 0.86) using
highly symmetric GaAs/AlGaAs QDs grown on the GaAs (111)A surface by droplet epi-
taxy. Although the exciton lifetime is short (560 ps), the FSS are relatively large (with a
mean value of 10± 5 µeV) and the hyperne interaction of the exciton with nuclear spins is
signicant in this system [274].
Here we show that highly entangled photon emission can be obtained from an ensemble of
as-grown emitters based on an emerging family of GaAs/AlGaAs QDs grown by droplet
etching and nanohole inlling [271]. Together with the high homogeneity, the QDs also
exhibit high symmetry due to the negligible intermixing and a virtually strain free inter-
face between GaAs and AlGaAs. The samples have been grown and optimized by Robert
Keil [275], leading to narrow emission wavelength distributions (e.g. (779.8±1.6)nm), short
lifetimes (T1 < 220ps) and small ne structures (average FSS of (4.8 ± 2.4) µeV)). These
are one of the best values reported so far[276, 274, 33], rendering the investigated samples
promising candidates for the generation of polarization entangled photons. Under pulsed
resonant two-photon excitation, pronounced Rabi oscillations can be observed up to 7π and
all measured QDs emit single pairs of entangled photons with ultra-high purity and high
degree of entanglement (delity F up to 0.91, with a record high concurrence C = 0.90).
The QDs oer a deterministic wavelength control and ultra-narrow wavelength distribution,
specically tailored to match the optical transitions of rubidium. We envision that a number
of key enabling quantum photonic elements can be practically implemented by using this
novel material system. A particularly important example is a hybrid quantum repeater,
where the QD-generated entangled photon qubits can be mapped reversibly in and out of a
rubidium vapor based quantum memory.
4.1 Two-photon resonant excitation of the biexciton
The major challenge to realize entangled photon emissions from GaAs/AlGaAs QDs is the
eective excitation of the biexciton (XX) state. So far there are only very few reports
about the observation of a biexciton [225, 274, 268] in GaAs/AlGaAs QDs (although, grown
with dierent methods) due to the low internal population probability under non-resonant
excitation. Due to the optimized growth process we are able to observe strong XX emissions
even under above-band excitation.
The photoluminescence experiments were conducted at T = 4K by placing the sample
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Figure 4.1: Laser pulse shaping. (a) Experimental setup: The spectrally broad Ti:Sa laser
is guided towards a single-mode ber. The light leaving the ber is then subsequently sent
to a diraction grating and coupled into another single-mode ber. (b) Emission spectrum
of the laser before and after pulse-shaping.
in a helium-bath or a helium-ow cryostat. A tunable, pulsed Ti:Sa laser with 76MHz
repetition rate and a pulse duration of 3 ps is used to excite the QDs o-resonantly. The
laser is spectrally narrowed to allow for resonant excitation of the biexciton. To achieve that,
the laser light is sent to a home-built pulse-shaping setup as illustrated in Figure 4.1a: Laser
light leaving a single-mode ber is sent to a diraction grating. The dispersed light is then
coupled into another single-mode ber, resulting in a narrowed spectral feature (FWHM
≈ 0.1 nm) as shown in Figure 4.1b. The wavelength of the pulse-shaped laser light can be
tuned by changing the laser wavelength and/or adjusting the tilt of the diraction grating.
The excitation light is then guided to cryostat where it is reected at a beam sampler and
guided to the sample. The light is focused by a lens or an objective that is also used for the
collection of the QD emission. After passing through the beam sampler, the emitted photons
are coupled into a single-mode ber which directs the light to further spectral lters and a
spectrometer. Half-ball solid immersion lenses are placed on top of the sample to increase
the photon collection eciency.
We select a QD from the sample emitting close to the Rb D2 transitions (≈780.2 nm)
and excite it by pumping the surrounding higher-bandgap AlGaAs with the pulsed laser.
The resulting spectrum (Figure 4.2a: top), which is relatively clean in a broad range, shows
several dierent excitonic transitions: The transition with the highest intensity is the exciton
emission (X) at λ = 778.5 nm. Among several red-shifted transitions the XX emission is
the strongest (λ = 780.1 nm).
In order to eciently excite and to coherently drive the XX transition, we pump the two-
photon resonance of the XX state by using the pulse-shaped laser which is tuned spectrally
in between the X and XX transitions. This excitation scheme has already been proven
very eective in case of InAs/GaAs QDs [164]. Making use of tunable notch lters we can
eectively suppress the laser background. Hence a very pure spectrum showing mostly the
XX and X emissions can be observed (Figure 4.2a: bottom). The integrated intensities are
the same for both emissions, strongly indicating a close to unity eciency for the cascaded
emission process [164].
To obtain the evidence of pure single photon emissions from both XX and X, we perform
an autocorrelation measurement using a standard Hanbury Brown and Twiss setup and
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Figure 4.2: Coherent excitation of the XX in GaAs/AlGaAs QDs using a two-photon ex-
citation scheme. (a) QD emission spectrum for pulsed above-band excitation (top) and res-
onant XX excitation (bottom). Non-resonant excitation reveals the dominant X transition
and the XX transition which is spectrally close to other excitonic species. A two-photon
resonant excitation scheme is employed to excite the XX, resulting in a pure spectrum
showing the XX-X cascade. (b) Intensity-autocorrelation measurement of the XX and X
transition showing the normalized coincidences plotted over the delay time τ . Very pure
single photon emission is conrmed by g
(2)
XX(0) = 0.02± 0.02 and g
(2)
X (0) = 0.04± 0.02. (c)
Rabi oscillations of the XX and X emissions as a function of the pulse area Θ.
the results are shown in Figure 4.2b. The autocorrelation function g(2)(τ) plotted over the
photon arrival delay τ shows a clear absence of counts at zero delay and proves the ultra-
high purity single photon emission. The background-corrected second-order correlation is
determined to be g(2)XX(0) = 0.02± 0.02 for XX and g
(2)
X (0) = 0.04± 0.02 for X photons.
In order to further evaluate the resonant two-photon excitation scheme we recorded the in-
tensity of XX and X photons while changing the excitation power. The result is summarized
in Figure 4.2c, showing the emission intensity over the pulse area Θ which is proportional
to the square root of the excitation power. Clear Rabi oscillations are observed, which are
oscillations of the intensity due to a coherent rotation on the Bloch sphere between the
ground state |0 > and the excited state |XX >. The abscissa is normalized in units of π
to the rst maximum of the XX intensity, where the pulse area is equal to π. Intensity
oscillations up to 7π are observed. The mean intensity is decreasing for higher excitation
powers, which may be caused by several dierent factors, like chirp in the excitation pulse
or scattering processes in the QD [164]. Increasing the power also leads to an increase in
the oscillation frequency, which is a ngerprint of the two-photon excitation process in clear
contrast to one-photon resonant excitation, where the frequency remains constant.
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4.2 Characterization of the emission
After making sure that the XX can be excited eciently and coherently using two-photon
excitation, we measure the FSS and uorescence lifetimes of the QD emission. The ne
structure of the X emission is characterized by polarization resolved photoluminescence mea-
surements, using rotatable waveplates and a linear polarizer in the setup. High-resolution
spectra are obtained for multiple values of the polarization angle. The spectral center posi-
tion of the recorded emissions is extracted via curve tting. The oscillation of the emission
energy over the polarization angle is shown in Figure 4.3a, and a FSS of S = 2.3µeV is
obtained from the oscillation amplitude.
Figure 4.3: (a) Relative dierence ∆E of the exciton emission energy as a function of
polarization angle, revealing the ne structure with S = 2.3µeV. (b), Measurements of the
uorescence lifetime T1. Short radiative lifetimes of T1,XX = 112 ps and T1,X = 134 ps are
determined.
Next, we measure the luminescence lifetime T1 by recording an intensity correlation between
the excitation laser pulse and the arrival time of the photons, see Figure 4.3b. The lifetimes
T1 are obtained using an avalanche photodiode with a short response function, which was
measured by using 3 ps laser pulses to be FWHM≈ 100 ps. The XX shows a simple expo-
nential decay which is tted taking into account the convolution with the system response
function (see subsection 3.2.3). The X decay shows a longer rise time since the state has to
be populated rst by the decay of the XX state. The extracted lifetimes are T1,XX=112 ps
and T1,X=134 ps, which are among the lowest values recorded for as-grown semiconductor
QDs. The ideal lifetime-limited linewidth of the exciton emission is therefore ∆E = 4.9µeV ,
which is close to the mean value of the FSS in our sample.
Next, the coherence of the emitted photons is investigated. The indistinguishability of
consecutively emitted XX photons (time separation ≈ 3.8 ns) is determined by a HOM in-
terference measurement (see subsection 2.7.3). Figure 4.4a shows the detected coincidences
behind the beam splitter at which HOM interference takes place. For photons entering the
beam splitter with parallel polarization, a reduction of coincidences is observed at τ = 0, in
contrast to the case of perpendicular polarization. After background-correction, an inter-
ference visibility of V = (50± 13)% is obtained, i.e. the consecutively emitted XX photons
are partially indistinguishable. In order to determine the indistinguishability of photons
on long time scales, the coherence time is measured using a Michelson interferometer (see
subsection 2.7.1). From the rst-order coherence measurement illustrated in Figure 4.4b,
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Figure 4.4: Photon indistinguishability and rst-order coherence. (a) Hong-Ou-Mandel
interference between consecutively emitted XX photons. Parallel photon polarization (red)
for photons impinging on the beam splitter results in reduced coincidences at zero delay, in
contrast to perpendicular polarization (gray). (b)Measurements of the rst-order coherence
g(1)(τ) of XX and X photons, using a Michelson interferometer.
coherence times of T2,XX = (98 ± 3)ps and T2,XX = (98 ± 3) ps are extracted for the XX
and X photons, respectively. Here, the rst-order coherence is dominated by a Gaussian
broadening mechanism, most probably induced by charge noise [243].
4.3 Characterization of the polarization-entangled states
After realizing ecient and coherent control over the XX state in GaAs QDs we now evaluate
the degree of polarization-entanglement of the emitted photon pairs. The selected QD
exhibits a FSS of S = 2.3µeV and therefore presents a large portion (∼ 22%) of QDs in the
sample. The QD is excited with π-pulses for an ecient preparation of biexciton states. The
degree of polarization correlation is measured by sending the stream of XX and X photons
on a 50 : 50 beam splitter. Each subsequent signal arm contains a quarter-wave plate, a
half-wave plate and a polarizer in order to select the polarization in a desired basis. After
spectral selection of XX and X photons in the rst and second signal arm, respectively,
they are sent to single photon detectors. Coincidence counting hardware is used to obtain
the second-order correlation function g(2)XX,X between XX and X photons for the selected
polarization direction.
Figure 4.5a shows six cross-correlation measurements obtained for three bases of co-polarized
and cross-polarized photons: the recilinear (HV), diagonal (DA) and circular (RL) ba-
sis (from top to bottom). As expected for an ideal entangled two-photon state |Φ+〉 =
1√
2
(|LXXRX〉 + |RXXLX〉), a strong bunching (antibunching) at τ = 0 is observed for co-
polarization (cross-polarization) in the rectilinear and orthogonal bases, whereas this be-
havior is reversed for the circular basis set. The correlation contrast for a chosen basis set
is given by [37]
Cbasis =
g
(2)
XX,X(0)− g
(2)
XX,X̄
(0)
g
(2)
XX,X(0) + g
(2)
XX,X̄
(0)
(4.1)
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Figure 4.5: Degree of Entanglement from a QD with nite FSS. (a) Cross-correlation mea-
surements between XX and X photons for co- and cross-polarized photons in the rectilinear
(H,V), diagonal (D,A) and circular (R,L) bases (top to bottom). From these measurements
a delity F = 0.88 ± 0.03 to the state |Φ+〉 is deduced. (b) Two-photon density matrix
reconstructed from 16 correlation measurements on the same QD, employing the maximum
likelihood technique, showing the real (top) and the imaginary part (bottom). The delity
and concurrence extracted from this matrix are F = 0.91 and C = 0.90, respectively.
with g(2)XX,X(0) denoting the second-order correlation function at zero delay in collinear, and
g
(2)
XX,X̄
(0) in orthogonal bases. For the three illustrated basis sets the following contrasts are
obtained:
Clinear = 0.89± 0.03 (4.2)
Cdiagonal = 0.83± 0.04 (4.3)
Ccircular = −0.78± 0.04 (4.4)
The delity F of the measured quantum state to the ideal state |Φ+〉 can then be obtained
by[37]
F =
1 + Clinear + Cdiagonal − Ccircular
4
= 0.88± 0.03 (4.5)
which exceeds the classical limit F = 0.5 by more than 12 standard deviations.
A more comprehensive picture of the measured entangled two-photon state is given by the
density matrix representation. We perform cross-correlation measurements for 16 dierent
base combinations to account for the 16 unknown variables in the density matrix ρ (see
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subsection 3.2.5). The measured values for g(2)(0) are then used to construct a density
matrix following the procedure presented in section 2.8. Since the density matrix has to fulll
properties like positive semideniteness, the maximum likelihood estimation is employed to
nd the appropriate density matrix which is the closest to the one constructed by the
measurement results. The obtained matrix is shown in Figure 4.5b, divided into the real
part (top) and imaginary part (bottom). The strongest features are observed in the outer-
diagonal real-part matrix elements, which are close to 0.5, while all other elements are close
to zero. This is in agreement with the expected entangled state |Φ+〉 whose density matrix
should have only non-zero values of 0.5 in the outer-diagonal elements (see Figure 2.24). The
small (but non-zero) real values in the o-diagonal elements indicate a weak spin scattering
process in the QD. The nite imaginary o-diagonal values represent a small phase dierence
between |HH〉 and |V V 〉, which may be caused by the joint eect of a nite FSS and an
accumulated phase due to the optical setup. From this density matrix, we obtain a delity
F (after background correction [164]) to the state |Φ+〉 of
F = 〈Φ+|ρ|Φ+〉 = 0.91 (4.6)
which is very close to the value of 0.88 ± 0.03 obtained from the 6 cross-correlation mea-
surements in Figure 4.5a.
Another measure for non-classical properties of a quantum state is the Concurrence C [250].
Using the acquired density matrix, a value of C = 0.90 (raw data without correction:
C = 0.81) is obtained. This is not only the best value measured for InAs/GaAs QDs
with zero FSS [32], but also the highest value ever obtained for any QD entangled photon
source. The high values for delity and concurrence are especially remarkable considering
the nite ne structure splitting of S = 2.3µeV, which already signicantly degrades the
entanglement in case of InAs/GaAs QDs [277, 37].
4.4 Highly entangled photons from GaAs/AlGaAs quantum dots
Since the phase shift T1S/~ between |HH〉 and |V V 〉 states is signicantly reduced due to
the short lifetime T1 in this material system, the generation of entangled photons can be also
possible for QDs with even larger ne structure. We therefore measured the entanglement
delity of six QDs which represent the S-distribution of the sample. All six QDs are found to
emit entangled photons (F > 0.5). Even the QD with S = (9.8µeV ±0.59), which represents
the highest value of S among 45 QDs that were investigated, exhibits an entanglement
delity of of F = (0.59± 0.05). All measurements lead to the conclusion that nearly 100%
of the QDs in this sample show entangled photon emission.
Another outstanding feature of this material are the signicantly higher delities compared
to that of the typical InAs/GaAs QDs studied before. One reason may be the weak electron-
nuclear spin hyperne interactions in this type of QDs [36, 37, 278]. Besides that, recent
works suggest that InAs/GaAs QDs may also exhibit high delities, and that in past studies
the eect of the detection system on the delity has often be neglected [38].
It is important to understand why the presented entanglement is so strong and what is
limiting it. The delity is modeled following the work by Hudson et al. [37], which includes
84 Chapter 4 Deterministic generation of highly entangled photons
both the inuence of the FSS and lifetime T1 as well as cross-dephasing and spin scattering:
F =
1
4
(
1 + kg
′(1)
H,V +
2kg
(1)
H,V
1 + x2
)
(4.7)
with
x =
g
(1)
H,V S T1,X
~
(4.8)
Here, k denotes the probability that the measured photon pairs originate from the dot, which
we estimate to be k = 0.97 due to the measured autocorrelation measurements presented in
Figure 4.2b. The factor g(1)H,V denotes the fraction of the QD emission which is unaected by
both cross-dephasing and spin-scattering processes, while g
′(1)
H,V only considers spin-scattering
processes. Since the presented data shows no trend that would lead to F < 0.5 for large
FSS, we expect spin-scattering processes to have a negligible inuence on the entanglement.
Considering spin scattering due to the Overhauser eld of the nuclear spins present in the
dot, a spin-scattering time of TSS = 15 ns can be assumed [279]. This is, however, two orders
of magnitudes longer than the measured radiative lifetimes and therefore barely contributes
to the degradation of the delity. On the other hand, in typical InAs/GaAs QDs this eect
can be signicantly stronger in case of high concentrations of spin-9/2 indium [279], which
may lead to much lower delity values for InAs/GaAs QDs [277]. Since the delity at
small FSS are very high for the GaAs/AlGaAs QDs, we neglect cross-dephasing processes
in the model. If we input the values for S and T1,X illustrated in Figure 4.3 in the model,
an expected delity of F = 0.89 is obtained, in close agreement to the measured value of
F = 0.88 ± 0.03 (or F = 0.91 obtained from the quantum tomography). This conrms
that spin scattering and cross-dephasing processes have negligible inuence in this material
system. Fidelities close to unity can therefore be obtained by reducing S (e.g. by strain
tuning) and increasing the single-photon purity (e.g. by better suppression of the resonant
excitation laser).
4.5 Wavelength tuning with in-situ laser annealing
In a distributed quantum network, photons from dierent sources have to be made indis-
tinguishable to allow for the implementation of quantum logic gates based on quantum
interference. Due to the distribution of QD emission wavelengths, post-growth tuning tech-
niques become an inevitable tool to tune separate emitters into resonance while maintaining
polarization-entangled emission. Here, the potential of in-situ laser annealing is investigated
for dierent types of QDs. Annealing is an irreversible but deterministic tuning knob for
the emission energy and lifetime in QDs [227]. Performing the annealing in-situ with a laser
allows for the precise emission energy tuning of single QDs [226, 280]. However, so far the
eect on the FSS remains unclear.
A frequency-doubled Nd:YAG laser emitting at 532nm is used for laser annealing. In
order to precisely control the annealing power, the laser light is sent through an electrically
rotatable half-wave plate and a linear polarizer. The laser is focussed on the sample by an
objective, in order to locally anneal single QDs. Figure 4.6a shows the emission spectrum
after each annealing step (bottom to top) as obtained from GaAs/AlGaAs QDs based on Ga
droplet etching and nanohole inlling (see subsection 3.1.1). At each step, the laser power
and therefore annealing temperature is increased. The emission energy can be precisely and
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Figure 4.6: Eect of in-situ laser annealing on optical properties of QDs. (a) Emission
spectrum of GaAs/AlGaAs QDs after each annealing step (bottom to top), showing rst
a blue- and then red-shift of the emission. Inset: Emission spectrum of strain-tunable
InAs/GaAs QDs after each annealing step. (b) Exciton lifetime and (c) FSS over emission
energy, for dierent annealing steps.
deterministically tuned in a range of several meV. Unlike reported for InAs/GaAs QDs [226]
the emission energy shows rst a slight blue- and then a stronger red-shift.
In order to evaluate whether this technique is compatible with piezo-based strain-tuning,
self-assembled InAs/GaAs QD nanomembranes were transferred onto a PMN-PT substrate.
The inset in Figure 4.6a shows the emission spectrum after each annealing step with in-
creasing annealing laser power and exposure time. A red-shift of > 5meV is observed.
Next, the eect of annealing on the lifetime and FSS of the exciton are studied. The result
is shown in Figure 4.6b and c as a function of the exciton emission energy. As expected, a
strong eect on the lifetime T1 is observed. The lifetime increases with further annealing,
i.e. with decreasing emission energy. In contrast, The FSS does not show any clear trend.
It is varying in a small range of 1 − 3 µeV. Laser annealing therefore has only little eect
on the FSS, allowing for wavelength tuning of entangled photons generated by QDs.
In conclusion, we propose a new type of solid-state polarisation-entangled photon source
based on an emerging family of GaAs/AlGaAs QDs. These QDs can be grown with un-
precedented wavelength control, ultra-small FSS and short radiative lifetime. The ecient
and coherent excitation of the biexciton state in the GaAs/AlGaAs QDs is achieved by em-
ploying a resonant two-photon excitation scheme. The combination of a highly symmetric
connement potential, a short radiative lifetime and a weak electron-nuclear spin interaction
in this material system enables entanglement delities up to F = 0.91 and a concurrence
of C = 0.90. These are among the highest values ever reported for QD-based entangled
photon sources. Most remarkably, the whole set of measurements draws an unambiguous
conclusion that we have obtained a large ensemble of entangled photon emitters on a single
semiconductor wafer. With almost 100% of QDs in the sample having delities F > 0.5, a
great fraction of QDs are expected to exhibit high delities F > 0.8 without any post-growth
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tuning.
We envision that a number of key enabling quantum photonic elements can be practically
implemented by using this novel material system. A particularly important example is a
quantum repeater as the backbone for long range quantum communication. One requirement
for a quantum repeater is the storage of entangled photon pairs within a quantum memory at
a millisecond time scale [104, 11]. Promising candidates for exceedingly long coherent storage
are ensembles of laser-cooled atoms [106, 107, 108, 109], single trapped atoms [27], impurity-
doped crystals [110, 111] and optomechanical systems [112]. A potential material system
for the storage of photons in the telecom wavelength range is erbium-doped Y2SiO5 [281].
However, the storage capabilities of the latter do not yet exceed the nano-second time scale.
Thus, the QDs presented in this work are specically tailored to match the optical transitions
of rubidium, which is among the most mature storage candidates. Thereby we envision a
hybrid quantum repeater, which incorporates QD-generated entangled photon qubits that
can be mapped reversibly in and out of a rubidium vapor based quantum memory.
To fully reach that goal, however, high source brightness and photon indistinguishability
also have to be ensured, for example by implementing QDs into microcavities. Additionally,
entangled photons from dierent sources have to be spectrally matched in order to meet
the requirements for quantum interference. We have shown that in-situ laser annealing is a
viable approach to realize wavelength tuning of the entangled photon emission. Furthermore,
ecient frequency-conversion of the photons to the telecom wavelength range would be
desirable for practical long-range quantum communication.
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5 FREQUENCY STABILIZATION TO AN
ATOMIC STANDARD
In the following, the emission frequency of single photons emitted by two sep-
arate quantum dots is stabilized to an atomic rubidium standard. Feedback is
applied via strain tuning of quantum dot containing nano-membranes, medi-
ated by piezoelectric actuators. The transmission of a single, rubidium-based
Faraday lter serves as the error signal for frequency stabilization to less than
1.5 % of the emission linewidth. Long-term stability is demonstrated by Hong-
Ou-Mandel interference between photons from the two separate quantum dots.
The observed visibility of Vlock = (41 ± 5) % is limited only by internal de-
phasing of the dots. This approach facilitates quantum networks with indistin-
guishable photons from distributed emitters. The chapter concludes with the
observation of photons slowed down by rubidium vapor, highlighting the po-
tential of storing quantum dot generated photonic states in alkali atom based
memories. The experiment has been performed in collaboration with the group
of Prof. Dieter Meschede (in particular Tobias Macha) at the University of
Bonn and has been published in Phys. Rev. B [282].
Semiconductor quantum dots (QDs) are promising building blocks for photonic quantum
computing [283], quantum communication [284, 285] and applications in distributed quan-
tum networks [92] (see chapter 2). With recent eorts, not only are QDs able to emit high-
quality single photons [286, 287, 288] and entangled photon pairs [29, 214, 19, 289, 222, 272],
they also match optical transitions in neutral atoms [275, 271, 290, 291]. These constitute
important elements in envisioned quantum repeaters and 'quantum hybrid systems' [25, 292].
Interfacing the two platforms requires a stable emission frequency of the QD [248], which
is sensitive to several external perturbations, including temperature [248, 162] as well as
electric [224, 225, 293], magnetic [214, 294] and strain elds [39, 295, 229]. While these
phenomena lead to spectral wandering of the QD emission over long timescales, they si-
multaneously provide means to ne-tune and match the emission frequencies using active
frequency feedback [233, 235, 234].
For the rst time, we simultaneously stabilize the emission frequency of two separate QDs
via strain tuning of the host substrates [39, 40]. Moreover, a single, rubidium-based Fara-
day lter serves as an absolute frequency standard for distant nodes, and acts as a tunable
frequency discriminator at atomic transitions of rubidium, a prominent quantum memory
candidate [28]. The group of Prof. Dieter Meschede at the University of Bonn has re-
cently demonstrated the storage of short light pulses in ber-based rubidium atom-cavity
systems as laid out in [296, 297]. We implement a common and reproducible standard along
with a highly ecient feedback scheme requiring only a weak photon ux. This paves the
way towards quantum networks with distributed, indistinguishable solid-state emitters and
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quantum memories based on atom-cavity systems.
5.1 Experimental setup
In the following, the experimental setup is introduced and the spectral quality of the QD
emission, the frequency discriminator and the feedback technique are characterized. As a
benchmark, an improved long-term two-photon interference (TPI) visibility is shown for the
frequency-stabilized QDs in a Hong-Ou-Mandel experiment [237, 298, 299, 248].
The GaAs/AlGaAs QDs, grown by solid-source molecular beam epitaxy and in situ Al
Figure 5.1: Experimental setup for two-photon interference between separate, frequency-
stabilized quantum dots (QDs). A pulsed Ti:sapphire laser resonantly excites the biexciton
(XX) state of QD1 and QD2, positioned in separate cryostats at 4 K. Grating-based spec-
tral ltering (SF) is applied to reduce the laser linewidth. A ber-integrated, tunable delay
adjusts the excitation to match arrival times of XX photons at the subsequent two-photon
interference (TPI) setup. Both QDs are mounted on piezo-electric actuators for strain-
induced emission frequency control. In each setup, the XX photons are collected using a
confocal microscope, with the addition of a solid immersion lens (SIL) for enhanced extrac-
tion and a half-wave plate (HWP) and polarizer (Pol) for polarization ltering. A fraction of
the signal is branched o by a HWP and a polarizing beam splitter (PBS) and sent through
a frequency discriminator setup. The transmitted XX photons are detected by single-photon
counting modules (SPCMs) as signal inputs R(t) for two digital proportional-integral (PI)
controllers. Feedback voltages Vout are generated and applied to the piezoelectric actua-
tors for QD frequency stabilization. An additional Rb vapour cell in the signal arm of
QD1 permits characterization of frequency drifts independent of the Faraday lter. The
remaining XX photon streams are sent to the TPI setup, consisting of a beam splitter (BS),
monochromators (MCs) and SPCMs. A HWP in one input arm is used to set the photon
(in)distinguishability with respect to the polarization state.
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droplet etching, were tailored by Robert Keil [275] to emit close to the rubidium D1 tran-
sitions. Several QD-containing nanomembranes are obtained using wet chemical etching
and are bonded to a piezoelectric actuator (0.3 mm PMN-PT) via a ip-chip transfer pro-
cess [300]. Precise emission wavelength control is then achieved by applying a voltage to
the actuator.
The experimental setup is shown in Figure 5.1. The QD samples (QD1 & 2) are placed in
two separate He cryostats at 4K. A Ti:sapphire laser with 3 ps pulse length and 76 MHz
repetition rate is sent to a grating-based pulse-shaping setup for spectral narrowing. The
pulses are used to excite both QDs, using ber based excitation-collection setups built up by
Robert Keil [275]. The QD emission is coupled into a single-mode ber, delivering a photon
rate of RQD ≈ 30 kcps. One part of each single-photon stream is sent to the TPI setup.
It consists of a 50:50 non-polarizing beam splitter, followed by monochromators for further
background suppression and single-photon counting modules (SPCMs) in each output arm.
5.2 Resonant excitation and emission characteristics
The biexciton state (XX) in the QD is excited in a resonant two-photon π-pulse condi-
tion [164]. The ne-structure splitting of the exciton state (X) leads to two cross-polarized
Figure 5.2: (a) Emission spectra of two separate GaAs/AlGaAs QDs, whose emission
frequencies are tuned in resonance with the Rb D1 transitions using piezo-induced strain
elds. A two-photon excitation scheme resonantly addresses the biexciton (XX) state, which
decays via the exciton state (X) by emitting two consecutive photons (XX and X). The
scattered laser is partially suppressed using notch lters. (b) Intensity autocorrelation
measurements of QD1 and (c) QD2, indicating pure single-photon emission and the presence
of blinking in both QDs.
XX decay channels, of which only one is selected by polarization ltering. The laser signal
is strongly suppressed using notch lters. The respective emission spectra are shown in
Figure 5.2a.
The second-order correlation functions g(2)(τ) of the XX photons from QD1 and QD2 were
measured using a Hanbury-Brown and Twiss setup and are shown in Figure 5.2b and c,
respectively. A very pure single photon emission is observed due to the absence of coinci-
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dences at τ = 0. Furthermore, a signicant bunching at small delay times is visible, which is
a signature of blinking of the QD emission. Fitting a bi-exponential results in characteristic
blinking time-scales of τ (QD1)b = 332 ns and τ
(QD2)
b = 27 ns. The blinking eect may result
from charged QD ground states or from the occupation of the dark excitonic state [301].
Recorded intensity traces of the photon streams indicate that there is no blinking on long
timescales (milliseconds to hours).
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Figure 5.3: (a) Coherence time measurement showing the visibility over the delay in a
Michelson interferometer. (b) Fluorescence lifetime measurements of the biexciton (XX)
and exciton (X) states in the two QDs.
Using a Michelson interferometer, the coherence time T2 and thus the Lorentzian linewidth
∆ν of the emitted photons is determined. The measured envelope of the rst-order coherence
is shown in Figure 5.3a. QD1 exhibits values of T (QD1)2 = (153±1) ps and ∆ν(QD1) = (2.08±
0.01) GHz, and QD2 of T (QD2)2 = (123±4) ps and ∆ν(QD2) = (2.59±0.08) GHz. The lifetime
of the XX state is determined for both QDs by a uorescence decay measurement. The result
is shon in Figure 5.3b, revealing T (QD1)1 = (155 ± 1) ps and T
(QD2)
1 = (187 ± 1) ps. The
respective photon indistinguishabilities I = T2/2T1 [302] are therefore I(QD1) = (49.4±0.5) %
and I(QD2) = (32.9± 1.1) %.
5.3 Rubidium based Faraday filter
A signal for frequency discrimination is provided by the Faraday eect. As depicted in Fig-
ure 5.4a, parts of the photon streams are directed to a rubidium-based Faraday anomalous
dispersion optical lter (FADOF) setup [303, 304]. As illustrated in Figure 5.5a, it consists
of a heated, natural-abundance rubidium vapor cell in a longitudinal magnetic eld and
is sandwiched between crossed linear polarizers. Therefore, o-resonant background sig-
nals are eciently suppressed, while on-resonance photons are transmitted and detected by
SPCMs. The expected transmission TQD is given by a convolution of a narrow-band, weak
laser transmission TL with the spectral emission prole f(ν) of the QD: TQD(ν) = (TL∗f)(ν).
Figure 5.4b shows the expected TQD2 together with the measured frequency-tuned trans-
mission of QD2. For a transmission peak close to the desired set frequency νset, the slope
around νset serves as the error signal for frequency stabilization. Changes in frequency are
directly translated to a variation of the FADOF transmission.
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Figure 5.4: (a) Faraday lter setup used for frequency discrimination. It consists of a
heated, natural-abundance rubidium vapor cell in a longitudinal magnetic eld, enclosed by
two crossed polarizers. A coil current supply and a temperature controller enable tuning
of the lter transmission features (see Figure 5.4a). (b) Faraday-lter transmission spectra
measured with a weak, narrow-band laser (solid black line) and the frequency-tuned QD2
(red line). A convolution of the laser transmission with the spectral emission prole f(ν) of
QD2 (dashed black line) is used to model the QD transmission. The detuning is given with
respect to the weighted line center of the rubidium D1 transitions. The set point for the TPI
measurement (Figure 5.7) with the reference photon rate Rset = R(νset) is highlighted. Only
relatively weak photon streams (here: 6000 photons per second) are required to stabilize
the frequency. The vapor cell was stabilized to a temperature of 85 ◦C and the magnetic
eld was set to 40 mT.
5.4 Tuning the Faraday filter transmission
The frequency dependent FADOF transmission depends on both temperature T and axially-
applied magnetic eld B‖, which provides a possibility to shift the center frequency and
feature width of the transmission peak, as demonstrated in Figure 5.5a. Here, the software
ElecSus [129] is used to calibrate the conversion from coil current to magnetic eld. There-
fore, a desired frequency near an atomic hyperne transition of rubidium can be addressed,
in our case at the D1 line at 795 nm. Simultaneously, the width of the transmission peak
can be adjusted to match the linewidth of the QD.
The set point of the emission frequency νset shown in Figure 5.4b has been selected for
interfacing the XX photons with the F=2 to F'=1,2 hyperne transitions of the D1 line of
Rb-87 (52S1/2 → 52P1/2) only. The tunability shown in Figure 5.5a is sucient for making
ne frequency adjustments using the magnetic eld, while a wider tuning is possible using
the temperature, see Figure 5.5a. The coarse set point is given by choosing the appropriate
isotope abundance of Rb. If one is interested in addressing F=1 to F'=1,2 instead, a pure
85Rb vapor cell is required, as can be simulated straightforward with ElecSus [129]. The
settings for transitions at the D2 line (780 nm) are found likewise. Thus we state that the
Faraday lter delivers a reliable set point for any desired wavelength that addresses 87Rb
transitions, including expedient detunings. Furthermore, in any interfacing experiment,
the hyperne transition of use is most likely xed, such that an intermediate exchange of
isotopes is obsolete.
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Figure 5.5: Tunability of the Faraday lter transmission features. (a) Tuning the magnetic
eld B‖ allows to shift the lter's transmission peak, and thus the frequency set point of
the stabilized emitter, accurately to a desired frequency near an atomic hyperne resonance
of the rubidium D1 line with 24.6 MHz/mT. As a convenient side eect, the width of the
transmission peak changes with 40.8 MHz/mT and can be adjusted to match the linewidth
of the QD. (b) Rubidium hyperne transitions F → F ′ are addressed by coarse adjustments
of the set temperature T and ne-tuning of the magnetic eld B‖. For dierent temperatures
and B‖ = 29.5 mT the maximum set point slopes are marked, along with the windows over
which the slope decreases by less than 10%.
Experiments involving the 85Rb isotope could also address e.g. F=3 to F'=2,3 at 795 nm
using a pure 87Rb vapor cell, while F=2 to F'=2,3 would be technically challenging due to
a fairly low lter transmission at the appropriate set point, which is at the beginning of a
slope.
The above mentioned temperature adjustments are realized by a heating strip that avoids
building up a magnetic eld (see schematic of the lter in Figure 5.4a) and by regulation
of the water cooling that removes the dissipated heat of the coil. However, the temperature
cannot be set arbitrarily high; we are limited to 110◦ C. Then, condensation at the vapor
cell windows occurs, since the core temperature of the cell becomes higher than the window
temperature.
5.5 Rate estimation and PI controller
The SPCM detection rate Rset = R(νset) of photons transmitted by the Faraday lter serves
as the reference for frequency feedback. The rate R of photon events at the SPCM can be
written as
R(t) = R(ν(t)) ≡ TQD(ν(t)) ·RQD, (5.1)
which depends on the time-varying center frequency ν(t) of the QD's spectral emission
prole. By inverting Eq. 5.1, the instantaneous frequency deviation from the set point
∆ν(t) ≡ ν(t)− νset can be determined, using the observed detection rate R(t). In practice,
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deviations from the set point are kept small by the feedback loop and the linearized relation
∆ν ≈ 1
dR
dν
∣∣
νset
∆R (5.2)
with ∆R = R(t)−Rset which provides a good approximation.
In order to obtain an error signal for feedback, a simple, empirical algorithm is implemented
to estimate the underlying scattering rate at any point in time. Motivated by the fact that
photon events that lie further in the past convey less information and should thus be given
lower weight with time, an exponential smoothing lter is chosen to estimate the count rate
R(t). The digital implementation is similar to a rst order low pass lter and described by
the pseudo-code
Restimate,n+1 = Restimate,n · d+ B · i
where B =
{
1, if a photon arrived
0, else,
(5.3)
with the decrement d = e−τcycle/τfilter and the increment i = (1 − d)/τcycle. Here, τcycle and
τfilter denote the cycle time of the digital loop and the chosen integration time of the lter,
respectively. Instead of using a discrete averaging window [233], our algorithm represents
an innite impulse response lter and thus features a smooth frequency response.
There are two important aspects for rate-based frequency estimations: The rst one is
the correct detection of variations in the scattering rate R(t) from the stochastic train of
photon detection events observed by the SPCM. Using the transmission of a separate, heated
rubidium vapor cell as frequency reference, we measure the free-running QD frequency-noise
power spectral densities [232] on the rate R(t). This way, the frequency at which the QD
1/f -noise is exceeded by detection shot noise is determined. Then the feedback bandwidth
of the control system is set to a frequency well below.
The second aspect is the distinction between rate variations due to frequency drifts and due
to intensity changes in the QD emission. The latter could be compensated by adjusting the
rate Rset with respect to a rate measurement before the Faraday lter. Another possibility
is creating a dispersive error signal by taking the dierence of the orthogonal circular com-
ponents of the lter transmission [303]. In our experiment, QD intensity uctuations due
to sample drifts are taken into account by selecting data windows in which the count rate
after the TPI setup is stable.
The rate estimation algorithm as well as a subsequent standard digital proportional-integral
(PI) controller are implemented on a eld programmable gate array (FPGA, National In-
struments NI PXI-7842R card) using LabView. The generated correction signal is sent to
the strain-tuning piezoelectric actuator beneath the QD via a high-voltage amplier.
5.6 Frequency feedback performance
Due to creep in the piezoelectric actuator, a set voltage on the piezoelectric actuator does
not result in a stationary strain in the QD membrane. The strain changes slightly over time
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and therefore induces a frequency drift in the QD emission, which is compensated by the
presented stabilization scheme.
[G
H
z]
1
t [min]
a
0 20 40 60 80 100
1.5
0.5
0
2
Δ
ν V
(t
) 
[%
]
25
t [min]
0 20 40 60 80 100
b
30
35
40
(int.)
Figure 5.6: (a) Relative emission-frequency drift over time for QD1 in frequency-locked
and free-running state, obtained by an out-of-loop measurement of the transmission through
a separate Rb vapor cell. In the stabilized state the frequency is kept constant within a devi-
ation of less than 30 MHz, which is below 1.5 % of the emission linewidth. The free-running
state reveals a frequency drift due to piezo creep, which is tted by a logarithmic function.
(b) Theoretically expected evolution of the TPI visibility V (t) considering the frequency
drift shown in (a). The experimentally determined lifetimes T1 and coherence times T2 of
the two separate QDs are used to model V (t). While the visibility stays constant in the
frequency-locked case (red line), for free-running QDs it drops from Vfree(t = 0 min) = 40 %
to Vfree(t = 100 min) = 25 % (dashed line). The solid blue line represents the time-averaged
visibility with a coincidence integration window of 40 min as used for the experiment in
Figure 5.7.
For locking the QD emission frequencies, small count rates of only Rset,QD1 = 3600 cps and
Rset,QD2 = 1500 cps are used. At the set point of Rset,QD2, depicted in Figure 5.4b , the
feedback bandwidth is xed at around 30 mHz by adjusting the PI parameters. Figure 5.6a
shows the frequency drift of QD1 for the frequency-locked and free-running case. It is
determined by measuring the photon transmission through a separate, heated rubidium
vapor cell, which constitutes an out-of-loop measurement of the frequency drift. Frequency
deviations can now be calculated using
√
σ2N −N to exclude the detection shot noise, with
N denoting the average count number for ≥0.5 s binning times and σN the corresponding
standard deviation. Frequency-stabilization leads to a constant frequency within a deviation
of < 30 MHz, which is less than 1.5 % of the linewidths of the QDs (≥ 2 GHz). In the
free-running case, the frequency detuning ∆ν(t) increases over time, following a logarithmic
law known for the displacement change due to piezo creep [305]:
∆ν(t) = ∆ν0 · [1 + α · log10(t− t0)] (5.4)
Here, ∆ν0 denotes the frequency detuning 1 minute after a certain voltage is applied to the
piezo at a time t0, and α describes the rate of the piezo creep, which depends on the applied
voltage and the piezo load. The displayed data in Figure 5.6a is in good agreement with
the model. The resulting values for frequency drift over time are then used to calculate
the theoretical TPI interference visibility for the locked and free-running QDs, taking the
experimental parameters of the QD photons into account. Figure 5.6b shows the expected
visibility over time, assuming a frequency drift between the two QD emission frequencies as
observed in Figure 5.6a. The visibility is calculated by [248]
V =
γ1γ2
γ1 + γ2
·
γ1 + γ2 + γ
∗
1 + γ
∗
2
(2π∆ν)2 + (γ1 + γ2 + γ∗1 + γ
∗
2)
2/4
(5.5)
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with γi = 1/T
(QDi)
1 denoting the radiative decay rate and γ
∗
i = (2/T
(QDi)
2 − γi) the pure
dephasing rate for the dierent QDs (i =1,2). Perfect frequency stability results in a constant
maximum visibility of V = 40 %, while for the measured piezo creep the theoretically
expected visibility drops to V = 25 % at t =100 min.
5.7 Hong-Ou-Mandel interference with two stabilized emitters
In order to experimentally verify an improved long-term visibility under frequency stabiliza-
tion, we compare the TPI of photons from two separate QDs in the frequency-locked and
free-running state. For stabilized QDs, Figure 5.7a shows the normalized coincidences of
photons in the two beam splitter output ports versus the delay time τ between the recorded
events. The polarization state between the interfering photons is controlled by a half-wave
plate. The interference visibility V is calculated by evaluating the peak areas A‖ for parallel
and A⊥ for perpendicular polarizations of photons impinging on the beam splitter at τ = 0:
V =
A⊥ − A‖
A⊥
(5.6)
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Figure 5.7: (a) Two-photon interference measurement between two frequency-stabilized,
separate QDs, showing the normalized coincidences versus the delay time τ . The black curve
corresponds to perpendicular polarizations of the photons impinging on the beam splitter.
The red curve for parallel polarizations depicts a clear reduction of coincidences at τ ≈ 0.
An interference visibility of Vlock = (41 ± 5) % is obtained. A similar measurement of the
visibility with free-running QDs (not shown) results in Vfree = (31±7) %. (b) Measurement
of the interference visibility over time for both free-running and frequency-locked QDs.
Each data point corresponds to the coincidences obtained for the previous 40 min. The
shaded areas are the respective uncertainties based on Poisson counting statistics. At any
measurement time the visibility is higher for frequency-locked QDs than for free-running
QDs.
A clear Hong-Ou-Mandel dip is observed for parallel polarizations, yielding an interference
visibility of Vlock = (41±5) % after dark count correction of the SPCMs (Rdc,SPCM3 = 104 cps,
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Rdc,SPCM4 = 134 cps). The visibility agrees well with the expected value of V = 40 %
in Figure 5.6b. Afterwards, a measurement with free-running QDs is performed. The
visibility in that case decreases to Vfree = (31±7) %, due to piezo creep and other frequency
perturbations. For ideal quantum emitters the ratio of the peak at τ = 0 compared to the
neighboring peaks equals 0.5 for perpendicular photon polarizations. Here, a lower ratio is
observed, which can be attributed to blinking of the QD emission [287, 306]. This eect
happens at sub-microsecond timescales, to which the frequency stabilization is insensitive.
To further compare the two cases of TPI with and without frequency feedback, the interfer-
ence visibility is measured as a function of time, as shown in Figure 5.7b. Each respective
data point corresponds to the coincidences obtained within the previous 40 min. Hence,
the integration window is gradually shifted through the total measurement time of 87 min.
The shaded areas display the respective uncertainties due to Poisson counting statistics. In
the locked and free-running case, both QDs were frequency-matched at t =0 min. In the
free-running case, frequency changes in the QD emission within the rst integration window
reduce the visibility already for the rst data points (see Figure 5.6b).
5.8 Slowing down single photons from a quantum dot
In order to demonstrate the capability of the employed QD based photon source for quantum
memory applications, single photons are stored for ≈ 4 ns, corresponding to more than 20
times their temporal width. A slow-light medium [307] is created by double absorption
resonances in the heated 87Rb vapor cell used for the out-of-loop measurements as described
in Figure 5.1. The transmission spectrum of the vapor cell is measured with a narrow-band
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Figure 5.8: (a) Transmission of a 87Rb vapor cell at the rubidium D1 transitions over
laser detuning, measured for dierent cell temperatures. (b) Histogram of detection times
for QD generated single photons sent through a 87Rb vapor cell at zero frequency detuning.
The photons are slowed down as the cell temperature increases.
laser and shown in Figure 5.8a for dierent cell temperatures. Two main transmission dips
are visible, with stronger Doppler-broadening for increasing temperatures. The smaller dips
at −2GHz and 1GHz (best seen at T = 340K) correspond to residual 85Rb in the vapor
cell.
The QD emission frequency is tuned between the hyperne structure of the 87Rb D2 tran-
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sitions (detuning ≈ 0GHz). Due to the steep slopes in the dispersion of the Rb vapor in
that spectral region, the group velocity is strongly reduced for the QD generated photons
passing the vapor cell. This can be seen from the histogram in Figure 5.8b showing the
detection times as a function of vapor cell temperature. Because the refractive index slope
increases with the cell temperature, the slowing down of single photons is observed. For the
highest temperature of T = 410K the photons are slowed by ≈ 4 ns. Due to the stronger
absorption at higher temperatures, the peaks decrease in size.
In conclusion, we have veried that active frequency feedback based only on measurements
of the emitted single photons is an attractive solution to maintain long-term indistinguisha-
bility of photons from separate solid-state emitters. Stable two-photon interference from
separate quantum dots is achieved by strain-mediated frequency stabilization. Frequency
uctuations are suppressed to a negligible fraction of the emission linewidth. Low losses
in the frequency discriminator and an ecient rate-estimation algorithm ensure frequency
stabilization while using only a small fraction of the photon ux. The rubidium-based Fara-
day lter oers a common frequency standard for distant nodes in a quantum network.
Furthermore, matching the rubidium transitions is desirable for potential quantum repeater
constituents such as rubidium-based quantum memories.
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6 ENTANGLEMENT SWAPPING AT
RUBIDIUM TRANSITIONS
In this chapter, the rst experimental evidence of entanglement swapping be-
tween two polarization-entangled photon pairs emitted by a single quantum dot
is presented. Quantum dots are integrated in a broadband dielectric antenna,
providing high photon rates as required for four-fold coincidence detection.
A joint Bell measurement heralds the successful generation of the Bell state
Ψ+ for two previously uncorrelated photons, resulting in an entanglement -
delity of 0.81± 0.04. The nonlocal character of the swapped state is conrmed
by violating the CHSH-Bell inequality with S = 2.28 ± 0.13. The entangled
photon source is tuned into resonance with rubidium quantum memory fre-
quencies, facilitating implementation of hybrid quantum repeaters. Therefore,
these semiconductor sources show great potential in the development of scal-
able solutions for optical quantum technologies. This work has been published
in Phys. Rev. Lett. [308].
Semiconductor QDs are the leading candidate for generating polarization-entangled pho-
tons deterministically. Despite their great potential for quantum information applications,
they have until recently emitted entangled photons with too low eciency and poor optical
quality to allow for complex quantum optical implementations. The results presented in the
previous chapters illustrate that QDs can indeed emit highly entangled photons, and that
remote QDs can be reliably interfaced and stabilized at quantum memory frequencies. This
reduces the main bottleneck of these sources to their brightness, since complex quantum op-
tical measurements require the detection of multi-photon coincidences (see subsection 3.2.8).
Due to the high refractive index of the semiconductor host material, most emitted light is
conned within the material due to total internal reection. Here, a broadband dielectric
antenna structure is utilized to enhance the photon extraction eciency and the rst en-
tanglement swapping experiment with polarization-entangled photons from semiconductor
QDs is presented.
6.1 Broadband dielectric antenna for efficient photon extraction
The broadband dielectric antenna [310, 311] has been developed and characterized in col-
laboration with Yan Chen [230], whose work has recently been published in Nat. Com-
mun. [309]. The physical principle and the fabrication process is illustrated in Figure 6.1.
The key concept is to bring a high refractive index half ball lens in close contact to the
QD containing material. The working principle is sketched in Figure 6.1a, showing three
dierent materials: a QD containing AlGaAs nanomembrane with refractive index n1 = 3.5,
a polymethyl methacrylat (PMMA) spacer layer of n2 = 1.6 and a GaP solid immersion
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Figure 6.1: Working principle and fabrication of the broadband dielectric an-
tenna. (a) Ecient light extraction from a sample with refractive index n1, using a thin
spacer layer (n2) and a hemispherical lens (n3), with n1 ≥ n3 > n2. The evanescent wave at
the interface n1/n2 is coupled to the propagating wave in n3 for decreasing gap distances.
(b) Emission top prole and side prole (inset) of the dielectric antenna for dierent PMMA
spacer thicknesses resulting in dierent emission angle and coupling strength. (c-e) Fabri-
cation of the dielectric antenna: The PMMA spacer layer is spin-coated on the at surface
of a GaP solid immersion lens, resulting in a PMMA thickness of 100nm. A QD containing
AlGaAs nano-membrane with an Ag back mirror is attached to the PMMA-coated lens.
Figure taken from [309] / CC BY [94]
lens with n3 = 3.4. Upon total internal reection, an evanescent wave forms at the interface
between n1 and n2. Coupling to the propagating wave in n3 occurs for decreasing PMMA
spacer thickness. The emission angle is modied compared to the original angle in n1, re-
sulting in a beaming eect for well-dened PMMA thicknesses. The emission proles in
Figure 6.1b are shown for dierent PMMA spacer thicknesses. Here, a thickness of 100nm
is chosen since it allows for collection eciencies up to 70% into an objective with a stan-
dard numerical aperture of NA=0.42. Without spacer layer, a NA=0.9 objective would be
required to achieve the same collection eciency.
The fabrication ow is presented in Figure 6.1c-e. First, a GaP solid immersion lens with
a diameter of 2mm is covered with 100nm PMMA on the at surface via spin-coating.
Then, a QD containing circular nano-membrane with a diameter of 70µm is attached to the
center of the PMMA-coated side of the lens. The membrane consists of a Ag back mirror
and 142nm AlGaAs, followed by the QD layer which is placed at the anti-node of the thin
membrane cavity. An additional layer of 235nm AlGaAs completes the nano-membrane.
The source of entangled photons in our experiment are GaAs/AlGaAs QDs grown by local
droplet etching, as they are reliable and reproducable to make with entanglement delities
close to unity [271] and highly indisitinguishable photons [312]. The sample has been grown
and tailored for this experiment by Robert Keil [275]. Photo-lithography and wet chemical
etching are used to release nano-membranes from the wafer, after which they are attached to
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the lens. An anti-reection coating layer of alumina is deposited on the curved lens surface
using atomic layer deposition, which reduces Fresnel reections at the GaP/air interface.
A pulsed laser with 76MHz repetition rate is rst used for above-band excitation of the
QDs. Using an avalanche photodiode, the power-dependent photoluminescence intensity
was recorded. After correcting for the losses in the optical setup, extraction eciencies at
the rst lens of up to (65± 4)% are observed, corresponding to 3.3Mcps on the APD and
an enhancement factor > 100 compared to the as-grown sample. One advantage of this
source is that it operates within a broad spectral range and on many QDs within the nano-
membrane. Therefore, a complex nanoscale positioning [313, 314] of these quantum emitters
is not required, in contrast to narrowband cavity-assisted sources. Using the two-photon
resonant excitation scheme presented in section 4.1, the XX state in the QDs can be excited
in an ecient, coherent and deterministic fashion. Photon pair generation eciencies, i.e.
the probability of collecting a photon pair per excitation pulse in the rst collection optics, of
up to p ∼ (0.372±0.002) are obtained. High single-photon purity is conrmed by measuring
g(2)(0) ≈ 0.002 for both XX and X photons. The emission of polarization-entangled photons
is then studied using a QD with a FSS of S = (1.5±0.4)µeV. The two-photon density matrix
is reconstructed by performing a quantum tomography, resulting in a high entanglement
delity of 90%. Due to the short lifetime of the XX (103ps) and X (195ps) state, the
photon pair rate could be increased to the Gigahertz range. More details on the fabrication
and optical characterization of the device can be found in [309, 230].
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Figure 6.2: Comparison of dierent polarization-entangled photon sources with regard to
entanglement delity and photon pair source eciency. Solid-state sources based on QDs are
shown as black squares. SPDC sources are denoted by red circles, with their fundamental
eciency limit denoted as a red dashed line. The described broadband dielectric antenna
structure is shown as blue triangle. Figure taken from [309] with modied reference numbers.
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A comparison of the presented device with other sources of polarization-entangled photon
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pairs is shown in Figure 6.2. Until the development of our broadband dielectric antenna,
solid-state sources (black squares) showed photon pair eciencies well below 1% [271, 312,
306, 315, 33], were dicult to reproducibly fabricate or exhibited low entanglement -
delity [272]. SPDC sources (red circles) [17, 18] have a fundamental limit to their photon pair
eciency of about 10% (red dashed line), above which multi-photon components strongly
decrease the single-photon purity and entanglement delity. Our work (blue triangle) has
set a new benchmark: For the rst time, a semiconductor source of entangled photons is
going beyond the commonly used SPDC sources in terms of brightness and entanglement
delity. Furthermore, it provides a simple and robust way to achieve high photon pair e-
ciency (0.372), single-photon purity (0.998) and entanglement delity (0.9) simultaneously.
It therefore lays the foundation for further experiments which were not possible before, such
as entanglement swapping with semiconductor-generated photons.
6.2 Concept and experimental setup
The concept for the entanglement swapping experiment is sketched in Figure 6.3. The QD
antenna's operating temperature of T = 4K is reached using a closed-cycle helium cryostat.
Two pairs of polarization-entangled photons are consecutively emitted (emission 1 and 2)
by a resonantly excited semiconductor QD. One photon from each pair is sent to separate
polarization analyzers, labeled Alice and Bob. Then, a joint Bell state measurement (BSM)
is made on the remaining two photons; this swaps the entanglement of the original pairs to
the photons that Alice and Bob receive.
To generate two consecutive polarization-entangled photon pairs (emission 1 and 2) with a
QD, we exploit the biexciton(XX)-exciton(X) radiative cascade [19]. Deterministic excita-
tion of the XX state is ensured by resonant two-photon excitation [164]. A pair of photons
is emitted in the successive decay via the intermediate X states to the ground state. The
photons share the polarization-entangled Bell state |Φ+〉i in the respective emission i = 1, 2:
|Φ+〉i =
1√
2
(|HXHXX〉+ |VXVXX〉) . (6.1)
with H and V representing horizontal and vertical polarization.
For ecient resonant excitation we use a pulsed Ti:sapphire laser operating with 76MHz
repetition rate. Guiding the laser light into a tunable, unbalanced Mach-Zehnder interfer-
ometer yields two consecutive excitation light pulses. The laser's spectral width is reduced
and the central wavelength adjusted by a successive diraction grating and single-mode
ber. Thus the laser emission wavelength is xed at the XX two-photon resonance between
the X and XX emission. Notch lters are used to suppress the scattered laser in the QD
emission signal. The signal intensity is enhanced further by weakly exciting the QD using
a continuous wave laser emitting at 650 nm.
The two photon pairs emitted by the QD initially share the same light path. As laid out
in Figure 6.3, a non-polarizing beam splitter is used together with time-gated detection in
order to separate emissions 1 and 2. The XX and X photons from each pair are split apart
using dichroic optical lters, which transmit XX photons and reect the X emission.
At this stage, the four-photon state |α〉 is a product of the states from emissions 1 and 2.
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Figure 6.3: Entanglement swapping setup. Two consecutive pairs of polarization-entangled
photons XiXXi (emission i = 1,2) are generated by resonantly exciting a quantum dot
(QD) embedded in a dielectric optical antenna. The emitted light is cleansed of residual
laser signal and then sent to a non-polarizing beam splitter. Two photons XX1 and XX2
from each emission are directed to a Bell state measurement (BSM). Coincidence detection
heralds the polarization-entanglement of the remaining photons X1 and X2. The latter are
guided to two polarization analyzers Alice and Bob.
It can be rewritten into products of Bell states between the X and XX photons:
|α〉 = |Φ+〉1 |Φ
+〉2
=
1
2
(|Φ+〉X |Φ
+〉XX + |Φ
−〉X |Φ
−〉XX
+ |Ψ+〉X |Ψ
+〉XX + |Ψ
−〉X |Ψ
−〉XX)
(6.2)
with the four polarization Bell states being
|Φ±〉 = 1√
2
(|HH〉 ± |V V 〉)
|Ψ±〉 = 1√
2
(|HV 〉 ± |V H〉)
(6.3)
Projecting |α〉 to a Bell state of photons XX1 and XX2 will in turn result in a Bell state
shared by the previously uncorrelated X1 and X2. We project to the state |Ψ+〉 by perform-
ing the following BSM: First, photons XX1 and XX2 are sent to interfere on a non-polarizing
beam splitter. To ensure successful quantum interference, the arrival times of XX1 and XX2
have to be matched. Therefore the XX1 photons are delayed before the BSM, in order to
compensate for the time dierence between emission 1 and 2. After interference, the photons
pass through a H- or V-oriented polarizer in each beam splitter output, respectively. Single-
mode bers then deliver the photons to superconducting nanowire single photon detectors
(SNSPDs) with time resolutions of 50ps.
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Successful coincidence detection at the BSM now leaves the two remaining photons X1 and
X2 in the Bell state
|Φ+〉AB =
1√
2
(|HV 〉+ |V H〉) (6.4)
sent to Alice and Bob for measurement. Subsequent arrangement of a quarter-wave plate,
half-wave plate and a polarizer followed by photon detection at the SNSPD allows for
projection on any desired polarization state.
In order to compensate for an accumulated phase and retardation in the setup we employ
liquid crystal retarders and tilted quarter wave plates. Initially, the two-photon states
emitted by the QD are a mixture of Bell states. Changing the angles and retardance of
these additional elements then allows for tuning the coincidences at dierent polarization
projection bases in order to obtain the states |Φ+〉i.
6.3 Emission characteristics
6.3.1 Resonant excitation
A selected QD is rst triggered by optically pumping the surrounding host semiconductor
material. As shown in Figure 6.4a, above-band excitation results in several possible decay
channels and therefore multiple observed lines. The most prominent ones are the XX emis-
sion at 781.6 nm and the X emission at 780.0 nm. Several other transitions corresponding
to dierent excitonic complexes are visible close to the XX line. The X photons reside near
the optical D2 transitions of rubidium (dashed gray line), a prominent quantum memory
candidate [28].
Resonantly exciting the XX state results in a XX-X cascade emission as in Figure 6.4b.
The resonant laser is well suppressed and therefore absent in the spectrum. The right
inset shows the intensity auto-correlation g(2)(τ) of the X and XX emissions obtained in a
Hanbury Brown and Twiss measurement [140]. Vanishing coincidences at zero delay time
bear witness to a high single photon purity, with values of g(2)X (0) = 0.0041 ± 0.0003 and
g
(2)
XX(0) = 0.0050± 0.0005. We attribute most of the residual coincidences at zero delay to
laser background, which can in principle be suppressed further using additional notch lters.
The QD emission from the XX-X cascade indicates the presence of blinking, which is aected
by the weak continuous wave gate laser at 650 nm. This is conrmed by the autocorrelation
measurements on the XX photons in Figure 6.5. The g(2)(τ) shows a signicant bunching
close to τ = 0. This is in agreement with the model of a Boolean and ergodic blinking
process which is independent of the radiative XX decay. The autocorrelation can then be
written as [160]:
g(2)(τ) =
(
1 +
1− β
β
e
− |τ |
τb
)
g
(2)
ideal(τ) (6.5)
with the ideal (no blinking) XX autocorrelation g(2)ideal(τ), the characteristic blinking timescale
(correlation time) τb and the fraction of time in which the QD is in an "on" state β.
By calculating the peak areas from the measurements in Figure 6.5 for dierent τ and tting
the model above to the data, the parameters β and τb are determined. Without the gate
laser (Figure 6.5a), the QD is β = (39.5±0.2)% in an "on" state, with a correlation time of
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Figure 6.4: (a) QD emission spectrum under above-bandgap excitation. (b) Emission
spectrum obtained by pulsed resonant two-photon excitation of the bi-exciton (XX) state,
showing traces of the cascade decay via the intermediate exciton (X) state. The inset shows
the intensity autocorrelation for each spectral feature indicating high single-photon purity.
τb = (332±4)ns. Exciting the QD with an additional weak gate laser at 650 nm (Figure 6.5b)
results in a shorter correlation time τb = (60±1) ns and a higher β = (63.4±0.1)%, resulting
in an increased signal brightness.
6.3.2 Degree of entanglement
Successful entanglement swapping relies on high entanglement delities fi of the initial
photon pairs (emission i = 1, 2) and on high photon indistinguishabilities I of the XX
photons sent to the BSM. We perform quantum state tomography [250] to reconstruct the
full two-photon density matrix ρi of emissions i = 1, 2 as shown in Figure 6.6a and b,
respectively. The real (top) and imaginary parts (bottom) clearly resemble the Bell state
|Φ+〉. We obtain delities of f1 = 0.9369 ± 0.0004 (emission 1) and f2 = 0.9267 ± 0.0004
(emission 2) indicating highly entangled photon emission. We attribute the deviation from
unity delity to the slightly polarizing optical lters in the setup and the minor presence of a
QD emission in the red-shifted vicinity of the XX photons (see Figure 6.4b). The marginally
lifted exciton spin degeneracy by (0.4 ± 0.1)µeV, evanescent laser light background and
polarization-dephasing during the QD's emission process are expected to have only a small
eect on the delity [271].
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Figure 6.5: Normalized autocorrelation functions g(2)(τ) of the XX photons (a) without
and (b) with an additional weak gate laser. The gate laser results in a reduction of the
characteristic blinking timescale, and an increase in brightness (on/o ratio) of the QD
emission.
6.3.3 Photon indistinguishability
Figure 6.7a shows a coincidence histogram obtained in an indistinguishability measure-
ment [247] based on Hong-Ou-Mandel interference [237]. The two consecutive XX photons
are guided into a separate, unbalanced Mach-Zehnder interferometer featuring a time delay
identical to that between XX1 and XX2. Indistinguishable XX photons will interfere at the
second beam splitter and exit it pairwise, observable in the detection of reduced photon
coincidences using avalanche photodiodes with a time resolution of > 300ps. By rotating
a half-wave plate (HWP), the photon polarizations at the beam splitter can be made or-
thogonal. This renders the photons distinguishable which in turn gives rise to coincidences.
At zero delay time between the detection events, the coincidences for parallel polarizations
(red) show a signicant reduction in comparison with those for perpendicular polarizations
(black). The visibility V of the Hong-Ou-Mandel measurement is obtained by rst calcu-
lating the peak areas A‖ and A⊥ at zero delay time for parallel and perpendicular photon
polarizations at the beam splitter, respectively. Then, the visibility is obtained by
V = 1−
A‖
A⊥
= 0.539 (6.6)
In order to obtain the photon indistinguishability, the visibility must be corrected from the
imperfections of the setup and measurement. Here, we consider the polarization mismatch
of the photons from dierent input ports at the beam splitter, and the slightly unbalanced
beam splitter.
Due to imperfections in the polarization optics, the polarizations cannot be set to be fully
orthogonal for measuring the case of distinguishable photons. A remaining interference
contrast Cdist = 0.108 (measured with a narrow-band laser) is observed. Furthermore, the
visibility is corrected from the unbalanced beam splitter transmission and reection[248],
in our case with a transmittance of T = 0.477 and a reectance R = 0.523. By correcting
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Figure 6.6: Two-photon density matrices of the photon pairs XiXXi from (a) emission i=1
and (b) emission i=2. The real (top) and imaginary parts (bottom) of the density matrices
closely resemble the Bell state |Φ+〉 with delities of f1 = 0.9369± 0.0004 (emission 1) and
f2 = 0.9267± 0.0004 (emission 2). The shaded areas represent the dierence to the ideally
obtainable values.
the visibility from these eects, the photon indistinguishability (strictly speaking a lower
bound to it) is obtained. The uncertainties are derived from Poisson coincidence counting
statistics and Gaussian error propagation.
I =
R2 + T 2
2RT
−
A‖ · (1− Vdist)
A⊥ − A‖ ·Vdist
= 0.569± 0.009 (6.7)
The determined XX photon indistinguishability of I = 0.569 ± 0.009 directly species the
success probability of the BSM in the entanglement swapping experiment. The oset from
unity arises most likely from internal dephasing processes and spectral jittering. Further
spectral ltering or time-gating of detection events in the BSM can circumvent these eects
at the expense of the BSM success rate. Due to the higher time resolution of the SNSPDs,
we estimate an increase of photon indistinguishability to I = 0.823±0.017 by choosing BSM
detection events which lie in a dened time gate width (see subsection 6.4.4).
Figure 6.7b shows the XX photon indistinguishability as a function of the relative time
delay between the two photons at the beam splitter. This delay is tuned by modifying one
arm length of the Mach-Zehnder interferometer in the excitation laser part (see Figure 6.3).
The data is well tted with a biexponential decay and a resulting coherence time scale of
(147± 6)ps.
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Figure 6.7: (a) The indistinguishability I = 0.569±0.009 of photons XX1 and XX2 is de-
rived from a Hong-Ou-Mandel measurement. Coincidences are detected at the output of an
unbalanced Mach-Zehnder interferometer (inset) and binned according to their detection de-
lay times. Using a half-wave plate (HWP), co-polarized photons yield reduced coincidences
(red) compared with crossed polarizations (black). (b) XX photon indistinguishability over
the excitation laser pulse delay, tted by a biexponential exponential decay (solid blue line).
6.4 Entanglement swapping
6.4.1 Bell state projection
The presented entanglement swapping experiment consists of a projection measurement on
the Bell state Ψ+ in order to entangle the exciton photons X1 and X2. The successful
projection of the biexciton photons XX1 and XX2 is determined by measuring photon
coincidences after guiding XX1 and XX2 to the projecion setup. The latter consists of a
non-polarizing beam splitter followed by a polarizer in each output, one projecting on H
and the other on V polarization.
There are several reports about BSMs based on coincidences after a non-polarizing beam
splitter which usually result in a projection on the Bell state Ψ−[16, 254, 316]. However,
in the presented measurement the projection is made on Ψ+. The reason is an additional
polarization-dependent phase shift upon reection at the beam splitter in the described
projection setup. In the following, a theoretical model is developed to describe the eect of
that phase shift on the Bell state projection measurement.
The beam splitter transformation matrix
Let us follow the discussion in section 2.6 and assume a beam splitter with input ports a
and b, and output ports c and d, as in Figure 6.8.
The light elds at the input ports of the beam splitter are represented by bosonic annihilation
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Figure 6.8: Non-polarizing beam splitter with input modes a1, a2 and outputs b1, b2.
and creation operators. The beam splitter is described by a transformation matrixRBS with
b†1H
b†2H
b†1V
b†2V
 = RBS

a†1H
a†2H
a†1V
a†2V
 =

tH irH 0 0
irH tH 0 0
0 0 tV irV
0 0 irV tV


a†1H
a†2H
a†1V
a†2V
 (6.8)
and the complex, polarization-dependent reection and transmission coecients rH , rV and
tH , tV for horizontal and vertical polarization, respectively.
In the described entanglement swapping experiment, we measure a polarization-dependent
phase shift of π upon reection at the dielectric beam splitter of the BSM. Assuming a
lossless, balanced beam splitter we therefore write
rV = −
1√
2
, rH = tH = tV =
1√
2
(6.9)
Eventually we obtain the transformation matrix
RBS =
1√
2

1 i 0 0
i 1 0 0
0 0 1 −i
0 0 −i 1
 (6.10)
Transformation of linearly polarized states
Let us rst assume an input state with one H-polarized photon in each input port: a†1Ha
†
2H |0〉in.
Applying the transformation matrixRBS (similar to the considerations in section 2.6) results
in the following state:
a†1Ha
†
2H |0〉in −→
1
2
(b†1H − ib
†
2H)(b
†
2H − ib
†
1H) |0〉out
= − i
2
(|2H , 0〉+ |0, 2H〉)
(6.11)
In the nal notation the creation operators have been applied and the photon number states
for each polarization written in the basis |output b1, output b2〉. It is easily seen that the
photons can only be measured pair-wise in each output, which is well known as HOM
interference. Two V-polarized photons in the beam splitter input give a similar result. Now
we consider one D- and one A-polarized photon in the input:
a†1Da
†
2A |0〉in =
1
2
(a†1H + a
†
1V )(a
†
2H − a
†
2V ) |0〉in (6.12)
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which transforms into
a†1Da
†
2A |0〉in −→
1
4
(b†1H − ib
†
2H + b
†
1V + ib
†
2V )(b
†
2H − ib
†
1H − b
†
2V − ib
†
1V ) |0〉out (6.13)
=
1
4
[−ib†1Hb
†
1H − 2ib
†
1Hb
†
1V − ib
†
2Hb
†
2H (6.14)
− ib†1V b
†
1V + 2ib
†
2V b
†
2H − ib
†
2V b
†
2V ] |0〉out (6.15)
=− i
2
[
(b†1H + b
†
1V )(b
†
1H + b
†
1V ) + (b
†
2H − b
†
2V )(b
†
2H − b
†
2V )
]
|0〉out (6.16)
=− i
2
(b†1Db
†
1D + b
†
2Ab
†
2A) |0〉out (6.17)
=− i
2
(|2D, 0〉+ |0, 2A〉) (6.18)
Here, the commutations [b†in, b
†
jm] = 0 were taken into account. As one can see from the
result, even though the polarizations in the input ports are orthogonal (D and A), one
also obtains HOM interference. The reason is the polarization-dependent phase-shift upon
reection of π present in our beam splitter.
Transformation of Bell states
Now we determine the transformation of the four dierent Bell states at such a beam splitter.
Bell state Ψ+:
1√
2
(a†1Ha
†
2V + a
†
1V a
†
2H) |0〉in (6.19)
RBS−−→ 1√
8
[(b†1H − ib
†
2H)(b
†
2V + ib
†
1V ) + (b
†
1V + ib
†
2V )(b
†
2H − ib
†
1H)] |0〉out (6.20)
=
1√
2
(b†1Hb
†
2V + b
†
2Hb
†
1V ) |0〉out (6.21)
≡ 1√
2
(|1H , 1V 〉+ |1V , 1H〉) (6.22)
Bell state Ψ−:
1√
2
(a†1Ha
†
2V − a
†
1V a
†
2H) |0〉in (6.23)
RBS−−→ 1√
8
[(b†1H − ib
†
2H)(b
†
2V + ib
†
1V )− (b
†
1V + ib
†
2V )(b
†
2H − ib
†
1H)] |0〉out (6.24)
=
i√
2
(b†1Hb
†
1V − b
†
2Hb
†
2V ) |0〉out (6.25)
≡ i√
2
(|1H1V , 0〉 − |0, 1H1V 〉) (6.26)
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Bell state Φ+:
1√
2
(a†1Ha
†
2H + a
†
1V a
†
2V ) |0〉in (6.27)
RBS−−→ 1√
8
[(b†1H − ib
†
2H)(b
†
2H − ib
†
1H) + (b
†
1V + ib
†
2V )(b
†
2V + ib
†
1V )] |0〉out (6.28)
=
−i√
2
(b†1Hb
†
1H − b
†
2V b
†
2V ) |0〉out (6.29)
≡−i√
2
(|2H , 0〉 − |0, 2V 〉) (6.30)
Bell state Φ−:
1√
2
(a†1Ha
†
2H − a
†
1V a
†
2V ) |0〉in (6.31)
RBS−−→ 1√
8
[(b†1H − ib
†
2H)(b
†
2H − ib
†
1H)− (b
†
1V + ib
†
2V )(b
†
2V + ib
†
1V )] |0〉out (6.32)
=
−i√
2
(b†1Hb
†
1H + b
†
2V b
†
2V ) |0〉out (6.33)
≡−i√
2
(|2H , 0〉+ |0, 2V 〉) (6.34)
Therefore only the Bell state Ψ+ results in coincidences at the two output ports of the beam
splitter. From the equations above one can see that it is possible to distinguish two out of
the four Bell states by replacing the polarizers in the setup (Figure 6.3) with polarizing beam
splitters and adding two more detectors. The Bell state Ψ− is then detected by coincidences
on two detectors behind one polarizing beam splitter in one of the non-polarizing beam
splitter outputs.
6.4.2 Estimating the fidelity of the swapped state
In the following, a theoretical model is developed for estimating the density matrix of the
swapped state. This model is based on our implementation of the BSM and the measured
parameters (density matrices and indistinguishability) of the photons emitted by the QD.
Let ρab be the density matrix of the two photon state with photon a and b. It can be written
in a complete, orthonormal set of basis functions |φi〉:
ρ =
∑
i
∑
k
ρik |φi〉 〈φk| (6.35)
For simplicity we change the notation now to photon 1 (X1), 2 (XX1), 3 (XX2) and 4
(X2). Initially, photons 1 and 2 (3 and 4) are entangled, and after the Bell state projection
on photons 2 and 3, the remaining photons 1 and 4 become entangled. The ideal density
operator of the initial Φ+ state of photon 1 and 2 (equivalent with photon 3 and 4) is then:
ρ12,ideal =
1
2
(|H1H2〉+ |V1V2〉) (〈H1H2|+ 〈V1V2|) (6.36)
and for the swapped Ψ+ state:
ρ14,ideal =
1
2
(|H1V4〉+ |V1H4〉) (〈H1V4|+ 〈V1H4|) (6.37)
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However, the density operator determined by the measurements typically shows non-zero
elements |φi〉 〈φk|, which are not present in the ideal operators. Also, the photons sent to the
BSM are not completely indistinguishable; they can be characterized by the indistinguisha-
bility I ≤ 1. The indistinguishability directly translates to the probability for successful
quantum interference in a Hong-Ou-Mandel measurement or the probability of a successful
BSM in the entanglement swapping setup. Therefore, the expected density matrix of the
nal state ρ14 is given by [317]:
ρ14 = Iρ
I=1
14 + (1− I)ρI=014 (6.38)
with ρI=014 and ρ
I=1
14 being the expected density operators when assuming zero or unity
indistinguishability, respectively. The delity to the state ρ14,ideal can then be determined
by
f14 =
(
Tr
√√
ρ14ρ14,ideal
√
ρ14
)2
(6.39)
To obtain ρ14, we start with the 4-photon density operator before the BSM:
ρ1234 = ρ12 ⊗ ρ34 (6.40)
Now the two dierent cases of a BSM with zero or unity photon indistinguishability have
to be taken into account.
Density operator ρI=0AB for distinguishable photons (I=0):
If complete distinguishability is assumed (I = 0), there are only two possibilities in the
entanglement swapping setup: Photon 2 is projected on H and photon 3 on V (P1), or
vice versa (P2). Assuming an ideal balanced beam splitter in the BSM setup, these two
possibilities happen with equal probability. The projection operators can be written as
P1 = |11〉 |H2〉 |V3〉 |14〉 〈11| 〈H2| 〈V3| 〈14| (6.41)
P2 = |11〉 |V2〉 |H3〉 |14〉 〈11| 〈V2| 〈H3| 〈14| (6.42)
with the identity operator |1〉 〈1|. Now the projection operators are applied on the four-
photon state which results in
ρP11234 = P1 ρ1234 P
†
1 (6.43)
ρP21234 = P2 ρ1234 P
†
2 (6.44)
(6.45)
Now, the obtained density operators are normalized by dividing them by their trace:
ρ̃Pi1234 =
ρPi1234
Tr(ρPi1234)
=
Pi ρ1234 P
†
i
Tr(Pi P
†
i ρ1234)
(6.46)
with i = 1, 2. Assuming the projections at the BSM for I = 0 as described above, one can
write the nal density operator as
ρBSM,I=01234 =
1
2
ρ̃P11234 +
1
2
ρ̃P21234 (6.47)
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a Distinguishable photons (I=0) b Indistinguishable photons (I=1)
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Figure 6.9: Estimated density matrices of the swapped state for dierent XX photon
indistinguishability. Real and imaginary part of the density matrix ρAB are shown for (a)
distinguishable and (b) indistinguishable photons at the Bell state measurement.
Now, the density operator ρ14 is determined by calculating the partial trace over the sub-
systems of 2 and 3:
ρI=014 = Tr23
(
ρBSM,I=01234
)
(6.48)
Density operator ρI=1AB for indistinguishable photons (I=1):
Now we assume I = 1, i.e. photons 2 and 3 are successfully projected on the Bell state Ψ+
with the projection operator Pψ+:
Pψ+ = |11〉 |ψ+23〉 |14〉 〈11| 〈ψ+23| 〈14| (6.49)
and
ρPψ+1234 = Pψ+ ρ1234 P
†
ψ+ (6.50)
After normalization, one obtains
ρBSM,I=11234 =
ρPψ+1234
Tr(ρPψ+1234 )
(6.51)
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Taking again the partial trace over subsystem 2 and 3 results in the desired density operator
for indistinguishable photons at the BSM:
ρI=114 = Tr23
(
ρBSM,I=11234
)
(6.52)
The expected density operators ρAB (≡ ρ14) for distinguishable and indistinguishable XX
photons are shown in Figure 6.9a and b, respectively. In the case of distinguishable photons,
only the inner diagonal elements remain. The delity to the Bell state Ψ+ is 0.48. For com-
pletely indistinguishable photons, additional o-diagonal elements arise. This is expected
for the Bell state Ψ+, to which the state has a delity of 0.89. The estimated density matrix
for the entanglement swapping experiment is then a linear combination of both, according
to Equation 6.38. With the obtained indistinguishability of I = 0.569 from Figure 6.7a, the
delity of the swapped state is estimated to be fAB = 0.71, without any time gating at the
BSM.
6.4.3 Quantum tomography of the swapped state
a Without Bell-state measurement b With Bell-state measurement
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Figure 6.10: Density matrix of the two-photon state received by Alice and Bob without
(a) and with (b) a heralding Bell state measurement (BSM). The shaded areas represent
the dierence to the ideally obtainable values. Real part (top) and imaginary part (bottom)
of ρmix show the distinct signature of a perfect statistical mixture
1
4
1, whereas ρAB closely
resembles the entangled state |ψ+〉 with a delity of fAB = 0.81± 0.04.
116 Chapter 6 Entanglement swapping at rubidium transitions
Having ensured high-delity emission of entangled photons and the indistinguishability of
photons involved in the BSM, we can focus on the execution of the entanglement swapping
experiment. As a control measurement, the photon state shared by Alice and Bob is rst
investigated without considering the BSM. The density matrix ρmix extracted from our
observations via quantum state tomography is shown in Figure 6.10a. The signature of a
statistical mixture of polarization states is evident, with a delity of fmix = 0.9960± 0.0004
to the completely mixed state 1
4
1. This is expected, since the photons X1 and X2 do not
stem from the same emission cascade.
Now the entanglement shall be swapped from the initially emitted photon pairs to the pho-
tons received by Alice and Bob, as established by coincidences at the BSM. Each SNSPD
in the setup detects approx. 0.5million QD photons per second. To increase the entangle-
ment swapping delity we use time gating of BSM detection events (gate width: 47ps) at
the expense of the total rate of heralding events. Quantum state tomography is performed
using sets of four-fold coincidences at dierent polarization settings for Alice and Bob. The
determined density matrix shown in Fig. 6.10b closely resembles the Bell state |Ψ+〉. The
delity of fAB = 0.81± 0.04 clearly surpasses the classical limit of 0.5 and therefore testies
to the successful swapping of the entangled state.
Figure 6.11 features the measurement of four-fold coincidences in the co- and cross-polarized
diagonal bases as a function of the relative time delay between emission 1 and 2. In this
fashion the temporal overlap of the XX photons at the beam splitter in the BSM is tuned.
The highest XX photon indistinguishability is found at zero delay, resulting in a distinct
coincidence oset for co- and cross-polarized bases. As the delay time departs from zero the
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Figure 6.11: Four-fold coincidences as a function of the delay between photons XX1 and
XX2 at the BSM setup. Measurement settings of Alice and Bob in the co-polarized (orange)
and cross-polarized (blue) diagonal bases reveal a large dierence at zero time delay, as
expected in an entanglement swapping experiment. The solid lines denote the double-sided
exponential t. The data has been obtained without time gating at the BSM.
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BSM success starts to drop. This results in assimilating four-fold coincidences. The data,
obtained without time gating at the BSM, can be well tted to double-sided exponential
functions denoted as solid lines.
6.4.4 Violation of Bell’s inequality
The main bottleneck in reaching higher fAB is the XX photon indistinguishability. This can
also be seen from Re(ρAB) in Figure 6.10b: The well-tting diagonal elements are mainly
determined by the high initial delities f1 and f2. However, the more deviant o-diagonal
elements depend on both the degree of entanglement and the XX photon indistinguisha-
bility. In Figure 6.12a the delity fAB and the Bell parameter S, as determined for the
CHSH-Bell inequality [41, 42], are plotted against the temporal gate width. For large gate
widths the delity decreases to fAB = 0.71 ± 0.03. Based on our theoretical model, the
maximum achievable delity for the QD emission is fmax = 0.89, assuming unity indistin-
guishability (a gate width approaching zero). In reality this value cannot be approached
due to the limited time resolution of the detectors. The Bell parameter S = 2.28 ± 0.13
at 47ps gate width violates the CHSH-Bell inequality, S ≤ 2, by more than two standard
deviations. Assuming perfect indistinguishability it reaches Smax = 2.47.
Figure 6.12b shows the delity of the swapped state as a function of XX photon indistin-
guishability I. The measured delity (without time gating) of fAB = 0.71±0.03 (red square)
is in excellent agreement to the estimated value on the solid blue line (see subsection 6.4.2),
given the observed density matrices ρi (i = 1, 2) of the initial states. Since the delity
increases to fAB = 0.81± 0.04 using time gating, the increase in photon indistinguishability
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Figure 6.12: (a) Fidelity f and Bell parameter S as a function of gate width of photon
detection at the BSM. Large gate widths result in a decreased delity of fAB = 0.71± 0.03.
At 47ps gate width, S = 2.28 ± 0.13 is obtained, violating the CHSH-Bell inequality. The
dashed lines are the maximally achievable values in case of perfect photon indistinguisha-
bility. (b) Estimated delity fAB of the swapped state (blue solid line) as a function of
the indistinguishability I including the measured data without time gating (red square) and
with time gating (orange line). The black dashed line denotes the ideal case of perfect initial
Bell states in our case of a BSM with polarizers. The gray dashed line shows the case of
perfect initial Bell states and a BSM setup without polarizers
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can now be estimated to I = 0.823± 0.017.
Comparison to a BSM without polarizers:
It is also possible to obtain the same Bell state projection with a BSM setup without po-
larizers behind the non-polarizing beam splitter (as e.g. in [16]). The eect of these two
BSM setups on the delity of the swapped state fAB is illustrated in Figure 6.12b. A BSM
without polarizers, assuming perfect initial Bell states, is represented by a gray dashed line.
In this case the density operator for distinguishable photons (I=0) can be written as
ρI=014 =
1
4
14 (6.53)
in contrast to Equation 6.48 derived for our case with polarizers behind the beam splitter
(as e.g. in [137]). Since without polarizers, no polarization projection takes place for distin-
guishable photons, photons 1 and 4 are left in a complete statistical mixture of polarization
states. Assuming ideal Bell states as initial photon states, and the case of distinguishable
photons (I=0) at the BSM, the entanglement delity to the ideally expected swapped state
is then fAB = 0.25. In case of indistinguishable photons (I=1) at a BSM without polarizers,
the ideal density operator is identical to the one in Equation 6.52.
The advantage of our BSM setup with polarizers (black dashed line) is that even for dis-
tinguishable photons (I=1) the entanglement delity fAB may approach the classical limit
of 0.5. Therefore also the nal swapped state (I > 0) exhibits stronger entanglement. This
eect also occurs in other common types of BSM based on coincidences after a polarizing
beam splitter (as in [318, 319]). These setups provide better results because photon pairs
which are in the right spatial but wrong polarization mode are discarded. Additionally, re-
placing the polarizers in our setup with polarizing beam splitters and adding two detectors
allows for distinguishing two Bell states (see also subsection 6.4.1).
6.5 Wavelength tuning over rubidium D2 transitions
In a nal step we investigate the compatibility of our semiconductor entangled photon source
with atomic transitions of rubidium, a prominent quantum memory candidate. Maintaining
entangled photon emission, the emission frequency is tuned over the Rb D2 transitions at
780.04 nm by controlling the QD temperature [162]. Figure 6.13a displays the transmission
of a heated 87Rb vapor cell against the relative frequency detuning of a spectrally narrow
laser (black). Two prominent absorption features are observed corresponding to the two
87Rb ground states split by the hyperne interaction [320]. Residual 85Rb in the vapor
cell results in the smaller absorption features visible at detunings of −1GHz and 2GHz.
The transmission of the QD photons (blue) shows two clear absorption dips, which are
broadened due to the QD linewidth of ∆ν = (4.9 ± 0.2)GHz. This opens the door for
further experiments involving the storage of polarization-encoded qubits in atomic quantum
memories for hybrid quantum repeater implementations. Ecient storage relies on linewidth
matching of the hybrid system. Lifetime-limited emission from QDs has been obtained for
this type of QDs [160], indicating that improving the sample growth can decrease the photon
linewidth presented here. The rubidium memory linewidth can be signicantly broadened
by eciently addressing atoms in microscopic ber cavities, as recently shown by the storage
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Figure 6.13: (a) Transmission of a heated 87Rb vapor cell as a function of frequency
detuning at the D2 transitions for a narrow laser and the X photons from the temperature-
tuned QD. (b) FADOF transmission over the frequency detuning of the QD, allowing for
the application of frequency feedback.
of 5 ns short light pulses [297]. In combination with atomic ensembles [119] the bandwidth
is expected to increase even further. Rb atomic transitions can also serve as a common and
global reference at which the QD emission can be frequency-stabilized. Figure 6.13b shows
the transmission of a rubidium based Faraday lter (see Figure 5.4b) for the temperature-
detuned QD, revealing two characteristic peaks. The respective slopes can be used to apply
frequency feedback to the QD, following the discussion in chapter 5. Therefore, the photons
from distant nodes in a quantum network can be kept indistinguishable and simultaneously
match the transitions in rubidium based quantum memories.
In conclusion, we have realized the rst entanglement swapping based on photons from a
quantum dot, laying the foundations for scalable semiconductor based quantum networks.
The strong nonlocal character of the swapped state is conrmed by violating the CHSH-Bell
inequality. The entangled photon emission can be tuned into resonance with rubidium tran-
sitions, envisioning the implementation of a hybrid semiconductor-atom quantum repeater.
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7 CONCLUSIONS AND OUTLOOK
The results presented in this thesis display the strong potential of semiconductor QDs for
application in hybrid quantum networks. QDs are the only source of polarization-entangled
photons providing a deterministic emission at high rates. The improvements of the optical
quality presented in this work facilitate their implementation in quantum communication
systems, as demonstrated by realizing the rst entanglement swapping experiment based on
these sources.
We proposed a new type of solid-state polarization-entangled photon source based on an
emerging family of GaAs/AlGaAs QDs. These QDs can be grown with unprecedented
wavelength control, ultra-small FSS and short radiative lifetime [271, 275]. The ecient
and coherent excitation of the biexciton state in the GaAs/AlGaAs QDs is achieved by
employing a resonant two-photon excitation scheme. The combination of a highly symmetric
connement potential, a short radiative lifetime and a weak electron-nuclear spin interaction
in this material system enables highly entangled photon emission with delities above 90%.
These are among the highest values ever reported for QD-based entangled photon sources.
A number of key enabling quantum photonic elements may be practically implemented by
using this novel material system. A particularly important example is a quantum repeater
as the backbone for long range quantum communication. A potential material system for
the storage of photons in the telecom wavelength range, where ber transmission losses are
at a minimum, is erbium-doped Y2SiO5 [281]. However, the storage capabilities of the latter
do not yet exceed the nano-second time scale. The QDs presented in this work are designed
to match the optical transitions of rubidium, which is among the most mature storage
candidates. A hybrid quantum repeater is envisioned, which incorporates QD-generated
entangled photon qubits that can be mapped reversibly in and out of a rubidium based
quantum memory.
We veried that active frequency feedback, based only on measurements of the emitted sin-
gle photons, is an attractive solution to maintain long-term indistinguishability of photons
from separate solid-state emitters. Stable two-photon interference from separate QDs is
achieved by strain-mediated frequency stabilization. Frequency uctuations are suppressed
to a negligible fraction of the emission linewidth. A rubidium-based Faraday lter oers
a common frequency standard for distant nodes in a quantum network while simultane-
ously addressing transitions of rubidium-based quantum memories. The presented feedback
scheme can be extended to stabilize the emission of entangled photons for realizing a sta-
ble Bell state measurement in entanglement swapping schemes. In the case of QDs this
means maintaining a low ne structure splitting by separating emitted photons according
to their polarization and using two orthogonal degrees of freedom for feedback, as available
in anisotropic strain-tuning platforms [229].
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Eventually, this work shows the rst implementation of entanglement swapping based on
polarization-entangled photons from a QD. This marks a milestone for semiconductor quan-
tum photonics, since the employed bright sources surpass existing technologies in terms of
on-demand photon emission and scalability. Compatibility with atom-based quantum mem-
ories paves the way for hybrid quantum repeater implementations. Further experiments that
now become feasible with these sources are entanglement swapping with photons from dis-
tant emitters [255], multi-photon entanglement [17] or entanglement distillation [321]. The
outcome will be dictated by the optical quality of these sources. Promising improvements in-
clude silicon-integrated strain-tuning platforms, which facilitate the emission of wavelength-
tunable entangled photons [229]. Integrating QDs into micro-cavities can increase their
brightness and photon indistinguishability [53, 313]. Another key ingredient towards a
scalable quantum photonic network is electrically triggered photon emission [277, 322]. De-
coherence due to coupling to the solid-state environment can be controlled by electric elds
in QD integrated diode structures [232]. Overcoming the challenge of combinig these tech-
niques in fabricated devices will be a next major step in realizing semiconductor based
quantum networks.
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Figure 7.1: A qualitative view on the requirements of entangled photon sources for ap-
plication in a hybrid quantum repeater. Dierent works are compared with regard to the
properties of the employed entangled photon sources.
Complementary to the presented results are a few selected works of other research groups.
A qualitative comparison of these with regard to the requirements to an entangled photon
source for a hybrid quantum repeater is given in Figure 7.1. Huber et al. have shown
that a few selected QDs exhibit indistinguishability values of close to 0.9 while maintaining
highly-entangled photon emission [312]. Integration on piezo-actuators allows for a further
reduction of the FSS, resulting in entanglement delities close to unity [323]. This is an-
other conrmation that there is no fundamental process which strongly limits the delity in
GaAs/AlGaAs QDs. Very recently, the integration of QDs into circular Bragg gratings has
been shown, allowing for high source brightness, entanglement delity and indistinguisha-
bility [324, 325]. However, linewidth broadening e.g. by spectral diusion is also found in
these devices, possibly induced by the fabrication of additional surfaces in close vicinity to
the QDs. Furthermore, the reduction of the lifetime due to the Purcell eect decreases the
potential coupling eciency with an atomic quantum memory.
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To fully reach the goal of a hybrid quantum repeater, the QD sources have to be optimized
further. Entangled photons from dierent sources need to be spectrally matched in order
to meet the requirements for quantum interference. Dierent strategies have recently been
implemented to tune the wavelength of QD generated entangled photons, based on multi-
axis strain tuning [229] or a combination of electric and strain elds [293]. As shown in
this thesis, an additional tuning knob is provided by in-situ laser annealing. Next to a
wavelength-tunable emission, ecient frequency-conversion of the photons to the telecom
wavelength range [326] would be desirable for practical long-range quantum communication.
As visible from Figure 7.1, one of the greatest challenges is the linewidth of the emitted
photons for coupling with a quantum memory. An ecient photon-atom interface requires
the linewidths of both systems to be matched. On the QD side, the sample growth can be
optimized to obtain lifetime-limited emission [160]. Inverse Purcell eect [327] in suitable
microcavities can then lower the linewidth further by reducing the lifetime. On the memory
side, atomic ensembles [119] can be used instead of single atoms. Employing microscopic
ber cavities increases the memory bandwidth further due to Purcell broadening of the
atomic lines [297, 118]. An additional challenge is the mismatch of biexciton binding energies
in dierent (remote) QDs. These energies need to match in a quantum repeater segment,
in order to ensure both an ecient BSM and a good coupling to a memory. Introducing
an additional tuning knob for the binding energy, next to the entanglement preserving
wavelength tuning, is technologically demanding.
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Figure 7.2: Proposal of a quantum repeater segment consisting of Rb based quantum
memories, QD entangled photon sources, and quantum frequency converters (QFCs).
A possible solution may be the implementation of a quantum repeater segment as shown
in Figure 7.2. Two QDs emit entangled photons in the telecom wavelength range [328,
322] where ber transmission losses are at a minimum. By means of quantum frequency
conversion [329], the frequency and bandwidth of the photons is then adjusted to address
rubidium transitions or other ecient memories. A Bell state measurement on the remaining
two photons then swaps the entanglement to the memories. This scheme mitigates the
need for tuning the excitonic binding energies and does not require perfect photon-memory
linewidth matching, facilitating the practical implementation of hybrid quantum networks.
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